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In urban karst areas, such as the City of Bowling Green, Kentucky and the
Tampa Bay Metropolitan Area, groundwater quality faces a variety of threats. The
development of residential, commercial, and industrial landuse types allows for a wide
variety of groundwater pollutants to enter the karst groundwater systems. Various
different models and indices have attempted evaluative approaches to identify issues in
urban karst areas, but the methods vary by location and lack a focus on urban karst
groundwater quality. There also exists a lack of a data-driven approach that is able to
capture short- and long-term changes in threats to groundwater quality as a result of
urbanization. The overall purpose of this study was to develop a holistic, data-driven
evaluation toolbox with threat, vulnerability, and monitoring assessment tools for urban
karst groundwater systems to better determine the possible threats, data collection needs,
monitoring parameters, and analytical approaches needed to ensure groundwater quality
is maintained in urban karst regions. This study focused on: 1) determining what
indicators, parameters, resolution, and data quality need to be prioritized to create an
effective, holistic monitoring framework for urban karst groundwater, and 2) developing
an effective assessment and evaluative tools for urban karst groundwater quality sites
using historic and modern data in an urban karst setting. The outcomes include an Urban
Karst Aquifer Resource Evaluation (UKARE) Toolbox with a Threat, Vulnerability, and

xix

Monitoring evaluation tools that were applied and validated through application of the
Toolbox using case studies in the City of Bowling Green, Kentucky and the Tampa Bay
Metropolitan Area in Florida. The results demonstrate the universal applicability of the
UKARE Toolbox to different urban karst sites and its effectiveness at scoring for threats
and vulnerabilities, as well as identifying potential monitoring sites through primary data
collection of water quality parameters and emerging pathogens at over 150 sites between
both study areas. The final results of this study are useful to develop monitoring and
management plans through a standardized scoring and evaluation tool in order to
influence urban karst groundwater monitoring and management.
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CHAPTER ONE: INTRODUCTION
1.1 Research Overview
Urbanization is a global phenomenon that has both positive and negative impacts
on the economy, society, and the environment. Urbanization has evolved with modern
societies, which influences the alteration of the natural landscape as urban sprawl occurs
and populations grow. This lifestyle in the United States began in the early 1900s and
evolved with the Industrial Revolution, spreading to include the outskirts of a city, the
business sector, industry and manufacturing sector, and planned communities, such as
neighborhoods and other residential developments, which combine to be single,
sprawling entities (Nechyba and Walsh 2004). Urban as defined by the U.S. census
Bureau is comprising all territory, population, and housing units in urbanized areas and
in places of 2,500 or more persons outside urbanized areas, which is the definition
intended for the development and application of the UKARE Toolbox (US Census
Bureau 1995). The development associated with urban landscapes includes impervious
surfaces, such as blacktop and concrete, where precipitation is unable to infiltrate into
the ground. As a result, stormwater runoff contributes surface pollutants to hydrologic
systems in urban environments, while increased sewer and septic system infrastructure
and industrial waste provide additional sources for pollution. This growth leads to
issues, such as flooding and groundwater contamination, which have negative impacts
not only on the environment, but also urban communities, because they can affect source
water quality and ecosystem health.

1

Although a global issue, urbanization can be studied on a local scale in integrated
areas like the City of Bowling Green (CoBG), Kentucky and the Tampa Bay
Metropolitan Area (TBMA), which are also built upon fragile karst environments. Karst
landscapes develop from the dissolution of soluble bedrock, such as dolomite and
limestone, creating features that include caves, aquifers, and sinkholes (White 1988;
Dreybrodt 1988; Ford 2006, 2015; Ford and Williams 2007). Every continent in the
world has karst landscape features, with nearly a quarter of the human population living
on, or near, karst regions and using karst aquifers as drinking water sources (Ford and
Williams 2007; Stevanovic 2018). Karst landscapes are very sensitive to pollution,
because there is little to no separation between the surface and subsurface, meaning that
surface pollutants are directly introduced to groundwater sources. Urban development
not only threatens the quality of groundwater supplies, but also their availability and
management, due to the challenges in studying and understanding urbanized karst areas
(Jiang and Yan 2010; van Beynen and Bialkowska-Jelinska 2012; Parise et al. 2015a).
This study developed a holistic, data-driven, evaluative toolbox for urban karst
groundwater systems, using Bowling Green and the Tampa Bay Metropolitan Area as
case studies, in order to better determine the possible threats, vulnerability, monitoring
solutions, and management approaches to ensure groundwater quality is maintained. The
following research questions are answered herein:
1. How can an effective evaluation toolbox for karst groundwater quality be
developed from historic and modern data in an urban karst setting?
a. What indicators, parameters, and data quality are needed to create an
effective holistic monitoring framework for urban karst groundwater?
2

b. In an urban karst region, what parameters need to be prioritized and at
what sampling resolution for effective monitoring and management to
meet the need and resources of interested stakeholders?
By using an integrated approach of qualitative indexing and quantitative data collection
to validate the methods used herein, a new tool is presented to assist managers,
scientists, and the public in better evaluating and monitoring urban karst aquifers. This
thesis is presented as multiple stand-alone chapters in the format of manuscripts
prepared for submission, thus some redundancy and formatting styles reflect this
intentional structure.

3

CHAPTER TWO: LITERATURE REVIEW
2.1 Introduction
Urban karst landscapes are complex phenomena in which human development
and natural karst processes intersect. Previous research evaluated some of the negative
impacts of development, but the extent to which these affect the karst landscape is not
fully understood, implying the possibility of detrimental impacts on communities
developed in a karst region. Karst landscapes are unique because they have surface and
subsurface features vulnerable to human development, resulting in contamination of
groundwater, erosion, and ecosystem impacts. The pollutants humans introduce into
groundwater through underground river systems typically return to the surface in
drinking water sources and can harm aquatic ecosystems. There are policies, such as the
Clean Water Act (Clean Water Act 1972), and other policy and management programs
for the protection of groundwater, but there is still work to be done to protect urban karst
from the negative impacts of anthropogenic influences. Urban karst areas, such as
Bowling Green, Kentucky and the Tampa Bay Metropolitan Area (TBMA), need a
customized approach to groundwater management, because groundwater interacts
differently in a karst region than a non-karst region, particularly under the influence of
urbanization (White 1988; Ford and Williams 2007).
Bowling Green and the Tampa Bay Metropolitan Area have experienced issues
with development, stormwater flooding and runoff, sinkhole collapses, groundwater
contamination, and other health issues associated with these negative impacts (Crawford
1989; Reeder and Crawford 1989; Carey and Stickney 2001; Tihansky and Epperson
2001; Cesin and Crawford 2005; Nedvidek 2014). These cities have large databases on
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their local karst and groundwater resources, but many aspects are still missing (e.g., the
new threat of antibiotic resistant bacteria in contaminated groundwater), including a
comprehensive management model that is able to capture existing data and incorporate
them into planning strategies to effectively monitor and manage groundwater resources
and help mitigate contamination through policy (EPA 2017; Machiwal et al. 2018b).

2.2 Karst Development
Karst is formed by the dissolution reaction between water and carbonate rock,
such as limestone or dolomite (Dreybrodt 1988; White 1988; Ford 2006, 2015; Ford and
Williams 2007). As karst forms, landscape features are developed on the surface and the
subsurface. The surface features are usually springs, sinking streams, and a variety of
sinkholes (de Waele et al. 2009). The subsurface features consist of conduits, aquifers,
and cave formations, such as speleothems. A variety of caves can be formed, depending
on the rock involved, including solution caves, which are the most common (Palmer
2007). Solution caves are the result of carbonate bedrock reacting with water to create
openings in the bedrock. As a result, aquifers form from interconnected caves systems
and can store and transmit groundwater in karst systems (Pronk et al. 2009; Worthington
and Ford 2009). Figure 2.1 shows a karst landscape and the common features associated
with it. These features are spread across the landscape but interact with each other on the
surface and subsurface.
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Figure 2.1. A Diagram of a Karst Landscape (Source: Karst is a Landscape 2012).
For the dissolution of karst to occur, water must be introduced to the subsurface
environment. Water infiltrates the surface through openings within the soil and collects
carbon dioxide (CO2) from the soils. The water then contacts carbonate rock and begins
dissolving it creating pores within carbonate rock. Once the water comes into contact
with the water table, it can no longer dissolve carbonate rock to form carbonic acid
(Sweeting 1981; White 1988, 2002; Palmer 1991; Clemens et al. 1996; Ford and
Williams 2007; Pronk et al. 2009; Worthington and Ford 2009).
There are three types of porosity: primary, secondary, and conduit (White 1988).
Primary porosity is associated with the pores found in the soil and rocks that are small in
diameter and tend to have laminar flow. Secondary porosity tends to have laminar flow
and occurs in structural weaknesses, such as joints and fractures. Conduit porosity is
associated with open channels and has turbulent flow because it acts as a drain during
rain events and can allow rapid movement of groundwater in karst systems. Secondary
porosity has a greater effect on dissolution compared to primary, due to the larger
volume of water being introduced into and through the carbonic rock. Conduit flow is
the most effective but does not occur as consistently as secondary does (White 1988). In
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order for the water to react with the soluble rock, it must be saturated with carbon
dioxide. The following equation explains the dissolution reaction and products of the
reaction of CO2 in water with a soluble rock surface, such as limestone.
!"# + %# " + &'()*(+ -'./ → !"# + %# !"1 + !"1

(Eq. 2.1)

This reaction will continue to occur until the water becomes saturated with carbonic acid
and the dissolution rate slows. The water remains in this state until it is able to release
some of the CO2 when the conduits open up or another source of undersaturated water is
introduced and the process of dissolution continues. Overall, the dissolution process is
controlled by the water-rock interaction and which type of porosity is dominant, as well
as the availability of aggressive water.
Cave development has a positive correlation with the recharge rate, also called
the restoration of groundwater. The groundwater basin collects precipitation and
channels it into open fissures or depressions in the karst landscape. Water that flows
directly into soluble rock to create caves is known as autogenic recharge. In comparison,
water that enters the conduits by flowing across insoluble rock, until it reaches soluble
bedrock, is referred to as allogenic recharge (White 1988; Palmer 1991, 2007; Ford and
Williams 2007). Recharge is part of the water budget, where P represents precipitation,
E is evapotranspiration, I is infiltration, and R is runoff (White 1988).
2−4 =6+7

(Eq. 2.2)

In order for caves to form, precipitation is essential, as well as infiltration,
because water is needed to begin the chemical reaction with carbonate rock. The rate of
recharge also determines the speed of cave and aquifer development (Clemens et al.
1996). A few common types of recharge in karst regions include percolation through the
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soil, sinkholes, sinking streams, and single passages. These methods of recharge are a
few ways in which urban pollutants can be introduced into groundwater reservoirs. As
the water moves from the surface to the subsurface, it must filtrate through several
layers. The first layer that recharge interacts with is the epikarst, located near the
surface. The next layer is the vadose zone, followed by the phreatic zone. These layers
remove some pollutants, but the rapid flow from surface to subsurface prevents the
majority of pollutants from being filtered out into the sediment.
Karst landscapes are constantly changing and developing throughout geological
time, but anthropogenic influences can alter some of this development and change the
speed of natural karst formation. Caves require certain elements for development, such
as water, structure, and gradient, which can easily be altered through human actions
leading to increased development or damage. Some negative effects that human actions
have on caves include agricultural and urban pollution, structural weakening,
groundwater withdrawal, and removal of vegetation (Kemmerly 1981; Pronk et al. 2009;
de Waele et al. 2011; Gutierrez et al. 2014).
Agricultural and urban pollutants are different from each other, but both enter the
karst groundwater system in similar ways, including through direct injection into
sinkholes, openings on the surface, and through disappearing streams and rivers (Vesper
et al. 2003). These pollutants flow directly from the surface into the subsurface
groundwater, because there is little lag time in karst environments. The high porosity,
permeability, and discrete openings on the surface allow water to enter the cave system
rapidly and directly. This lack of remediation time prevents the removal of pollutants
through the biological processes of plants and microbes equipped to remove pollutants,
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such as nitrogen. Urban pollutants tend to consist of oil, grease, fecal coliform bacteria,
and heavy metals from vehicles. These metals tend to be Pb, Zn, Cu, Cr, which, along
with oil and grease, have a strong correlation with the total suspended solids (Han et al.
2006). These pollutants are collected during rain events because roadways are
impermeable surfaces that force the pollutants and water to flow across the impervious
surface until contact with a permeable surface is made (Vázquez-Suñé 2005; Han et al.
2006). There are no specific regulations that apply to karst groundwater contamination,
which can be greatly affected by stormwater pollutants and human activities (Nedvidek
2014).
The removal of vegetation in recharge zones is another contributor to karst
degradation. Vegetation can remove pollutants from the water flowing in karst areas, as
well as control recharge rates, which can help to reduce flooding. Plants also contribute
CO2 to the soil, which aids in cave dissolution and development; thus unnatural removal
of vegetation in karst regions can hinder the timeframe of cave development and can
even change groundwater flow paths. Flooding in karst regions can be detrimental to the
environment, particularly in urban areas, making it essential to monitor and regulate
these aquifer systems.

2.2.1 Aquifers and Karst Groundwater
A karst aquifer does not behave in a similar manner as a typical porous-media
aquifer, because of its differing hydrogeology. An aquifer is a region of stored
subsurface water, commonly called groundwater, found within the porosity and
permeability of the soil and rocks (White 1988; Ford and Williams 2007). Porosity, as
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discussed earlier, is the open space within a rock that water can be stored and
permeability is how easily the water can flow within the porosity. A karst aquifer
typically has high porosity and permeability, because the water flows through channels,
conducts, and entire cave systems, which allows for rapid movement within the aquifer
and little filtration. The water dissolves the soluble limestone or carbonate rock in a
typical karst landscape, creating large passages and storage space for groundwater. A
karst aquifer is unique in this aspect, because the open channels create a subsurface
stream system similar to what is seen with surface water, but allows for entire rivers to
flow underground until they emerge at a spring, blue hole, or resurgence. The features
that typically recharge the aquifer naturally are sinkholes, sinking streams, and surface
infiltration (White 1988; Ford and Williams 2007; Parise 2019). In urban karst, there
may be drilled injection wells that introduce stormwater flooding directly into the cave
system, which eventually is introduced to the aquifer with any associated urban
pollutants. The rapid transport of water also allows for a rapid transport of pollutants
across large distances (Davraz et al. 2009). Figure 2.2 displays a typical karst aquifer
with the conduits, as well as the water table level.

Figure 2.2. An example of a Karst Aquifer (Source: Kratz and DeHan 1996).
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2.3 Global Urbanization
Rapid population increase puts a strain on all resources and few attempts have
succeeded to control rapid urban sprawl, which increases the need for resource
management and understanding of resources, such as groundwater, in urban areas
(Bengston et al. 2004; Long et al. 2014). Not only are resources thinly spread, but also it
is difficult for governments to keep services, such as sewers and clean water, working
efficiently under increasing demand (Schteingart 1989; Burian et al. 2000; Cohen 2006;
Chen 2007). Urban development is responsible for many environmental issues, such as
the urban heat island effect, extensive energy and resource use, air pollution, stormwater
flooding, and urban runoff pollutants contaminating surface and groundwater drinking
sources (Schteingart 1989; Kinzelbach et al. 2003; Bai 2007; Parise et al. 2015b).

2.3.1 Urbanization and Karst
Karst areas are extremely susceptible to the negative impacts of urbanization,
which is reforming the natural landscape, disrupting the natural flow and quality of
groundwater, introducing a variety of organic and inorganic pollutants, including
contributing to the development of antibiotic resistant bacteria (White 1988; Gams et al.
1993; Sauro 1993; Smith 1993; Williams 1993; Nicod et al. 1997; Foster et al. 1998;
Akdim and Amyay 1999; Burri et al. 1999; Frumkin 1999; Kacaroglu 1999; Urich 2002;
Parise and Pascali 2003; Bonacci 2004; de Waele and Follesa 2004; Spizzico et al. 2005;
Calò and Parise 2006; Sauro 2006; Delle Rose et al. 2007; Gunn 2007; Parise and Gunn
2007; Andriani and Walsh 2009; Toran et al. 2009; Amiel et al. 2010; Malekovi et al.
2010; Kalhor et al. 2018; Saint-Loup et al. 2018). The effects of climate change are also
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beginning to impact groundwater in karst landscapes. Day (2010) projected that extreme
changes in climate will have a largely negative impact on karst landscapes and their
sensitive groundwater resources. As precipitation patterns change, the recharge rates of
groundwater will follow suit and communities will be forced to find alternative water
sources. Anthropogenically-caused climate change will have an extreme impact on
groundwater quantity and quality as resources move or become scarce in an
unpredictable, changing world (Day 2010).
Urbanization has a wide variety of negative impacts on a karst landscape that
affect both the environment and the communities living within the landscape.
Development disturbs the balance of the complex landscape and makes it unstable, with
an increase of sinkhole collapse and urban flooding. Developers are legally restricted in
some areas because they are required to prevent stormwater pollution and block
sediment from leaving the construction site, but developers are not legally restricted
from building on the surface above a cave system or a shallow aquifer, which endangers
both the building structure and the karst (LaMoreaux et al. 1997; Knez and Slabe 2002).
The susceptibility of groundwater to risk and hazards within urban karst development
has been conducted, but there still is no formal regulation or protection of the
groundwater associated with a karst landscape (Kemmerly 1981; Tuyet 2001; Gabrovšek
et al. 2011; van Beynen and Bialkowska-Jelinska 2012a; Papadopoulou-Vrynioti et al.
2013; Parise et al. 2015a). In order to ensure safe drinking water and safe development
within urban karst, a management plan is designed to not only understand and recognize
hazards but also provide information that allows communities to live in a sustainable
manner with minimal impacts on the karst terrain.
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Urban development can have a negative impact on karst and groundwater
through unstable infrastructure, such as leaking sewage lines and poorly regulated
construction sites. These issues introduce pollutants, such as micro-bacteria and loose
sediments, into the groundwater system that not only pollute the water, but prevent
sufficient flow. This, in turn, can lead to poor drainage and urban flooding, as well as
contaminated drinking water sources (Schteingart 1989; Kinzelbach et al. 2003; Bai
2007; Einsiedl et al. 2010; Kormos et al. 2011; Hass et al. 2012; Nedvidek 2014;
Zemann et al. 2015). In karst areas, all actions are interconnected; an introduced
pollutant may impact the entire system as it moves rapidly from the surface to the
subsurface and throughout the groundwater system in a karst aquifer (Kačaroğlu 1999).
Wastewater system leaks are seen in a variety of infrastructures, but older systems are
more vulnerable.
The state of Kentucky has an estimated population of 4.49 million, with the three
largest cities, Louisville, Lexington, and Bowling Green, having a total population of
1,765,296 (U.S. and World Population Clock 2019). More than half of the state’s
residents reside in a city or suburban area that is classified as urban development. More
than half the state of Kentucky is also comprised of a karst landscape, which makes the
groundwater supply in Kentucky extremely susceptible to urbanization and the
pollutants associated with it (Dickens 1935; Reeder and Crawford 1989; Carey and
Stickney 2001; Nedvidek 2014). Bowling Green, specifically, is characterized by urban
karst with a population of 65,234 residing in a karst landscape, thereby making the city a
strong example of the impacts of urbanization on karst (U.S. and World Population
Clock 2019). The City’s population is continuing to grow with an increase of 12.3%
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from 2010-2016 and a predicted positive trend (Kentucky State Data Center: Population
Estimates 2017). Bowling Green has a long history of complicated urban karst
management, which includes negative impacts on the city’s air, environment, and
groundwater quality (Reeder and Crawford 1989; Carey and Stickney 2001; Nedvidek
2014). A few of these issues, such as negative influences on groundwater quality, are
still present.
Bowling Green had an open sewer system from the late 1800s until 1932, when a
sanitary sewer system was installed, and a wastewater treatment plant was built in 1935
(Mace 1921; BGMU 2017). Since these installments, there have been several phases of
expansion of the sewer system to compensate for the growing population, including in
1963, 1974, 1993, 2012, and an expansion occurred as recently as 2017. The newest
expansion is replacing worn out pipes to prevent raw sewage leaks into the groundwater,
but it is an ongoing project (BGMU 2017). All urban developments have issues similar
to these, but Bowling Green is a unique case study because of the prominent karst
aquifer system under the City.
The State of Florida has an estimated population of 21.64 million, with the three
largest cities being Miami, Tampa, and Orlando, respectively (U.S. and World
Population Clock 2019). Majority of the state is developed either as commercial or
residential land use. The entire state of Florida is a part of the Floridian Aquifer making
the entire state susceptible to karst groundwater pollution, particularly urban pollutants.
Tampa Bay Metropolitan Area, specifically, is characterized by urban karst with a
population of 3,091,399 residing in a karst landscape, thereby making this region
another strong example of the impacts of urbanization on karst (U.S. and World
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Population Clock 2019). There was a 1.9% increase in the population from 2015-2016,
which is less than Bowling Green because the Tampa Bay Metropolitan Area is already
developed and no longer in the process of rapid growth that Bowling Green is
experiencing (U.S. and World Population Clock 2019). Different growth patterns for
urban karst areas allowed this study to evaluate different aspects of urban karst
landscapes aided in the development of a universal toolbox.
Both States have a management program to assist in understanding how
urbanization effects karst, but they are inefficient in preventing the introduction of all
pollutants to groundwater since it only captures data after contamination occurs. A
holistic approach with a focus on groundwater could help the Cities grow sustainably
with the karst landscape. Water is the key to karst development, which is why a strong
focus on groundwater quality is often the best method for mitigating issues in urban
karst areas.

2.4 Water Quality in Urban Areas
Urban areas have a negative impact on all bodies of water through pollution and
development (Burian et al. 2000; Morris et al. 2003; Drangert and Cronin 2004; Hatt et
al. 2004; Vázquez-Suñé et al. 2005; Long et al. 2014; Jiang et al. 2018; Barrett 2018;
Varade et al. 2018). Urbanization changes the natural flow and recharge of groundwater,
which, in turn, may negatively impact society. The flow of groundwater weakens
underground structures, such as utility lines, roadways, and public transportation sectors
(Vázquez-Suñé et al. 2005). Changing the recharge rate from the increase of impervious
surfaces also contributes to urban flooding, which threatens the safety of infrastructure
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and human lives. Urban flooding can also lead to sinkhole collapses in karst areas,
damaging infrastructure and threatening community safety.
Karst landscapes are threatened by a wide variety of pollutants. Figure 2.3
illustrates how urbanization effects groundwater and viceversa. Developing a complete
understanding of the relationship between groundwater and urbanization is needed to
efficiently manage and conserve groundwater. This understanding is essential to urban
karst environments because the groundwater located in them is extremely susceptible to
pollutants and there is little room for error when managing groundwater drinking
sources in karst aquifers.

Figure 2.3. The Effects of Urbanization on Groundwater and the Effects of
Groundwater on Urbanization (Source: Morris et al. 2003).
There are a variety of methods to manage urban groundwater, including models
projecting the change of quality and quantity of urban water supplies, approaches to
reduce and recirculate wastewater, conservation of groundwater resources, and the
preservation of urban water resources (Zoppou 2001; Drangert and Cronin 2004; BGMU
2017; Bowen et al. 2018; Kalhor et al. 2018). With an increasing urban population, it is
becoming more important to conserve and reduce the use of groundwater, because it is a
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non-renewable resource. Humans are using the reservoirs of groundwater at a rate faster
than they can be naturally recharged, which creates changes in aquifer levels (Morris et
al. 2003; Toran et al. 2009). This reduces the amount of available groundwater for
human use and consumption and also makes it more vulnerable to higher concentrations
of pollution (Morris et al. 2003; Toran et al. 2009).
Urban pollutants from point and nonpoint sources can contaminate a
groundwater resource that has been untainted for millions of years. Figure 2.4 displays
some common pollutants associated with human practices that have a negative impact
on urban water quality. Some common pollutants associated with urbanization are
microbial bacteria, sewage, nitrates, metals, such as chlorides, sodium, and potassium,
which are strong indicators of urban influence on the quality of groundwater that have a
negative impact on drinking water resources (Jiang and Yan 2010; Jin et al. 2018;
Varade et al. 2018).
Groundwater recharges in layers of an aquifer, with the deepest layers being the
oldest and the shallow layers being the youngest and most commonly exposed to
pollutants (White 1988, 2002). When pollutants are introduced into deeper layers of the
aquifer from injection wells, those layers are also negatively impacted and the water is
contaminated, for years to centuries, ultimately affecting its usefulness as a drinking
water source. Even though there is awareness of the negative impacts of urbanization on
water resources, there is still a lack of focus on groundwater in urban karst regions and
the preservation of its quality.
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Figure 2.4. Chart of Common Pollutants to Groundwater (Source: Lerner and Harris
2009).
2.4.1 Groundwater and Pollutants
One of the greatest threats to groundwater and a main contributor of pollutants is
changing land use, particularly within urban settings (Lerch 2011). Groundwater in
urban karst settings is directly affected by anthropogenic surface activities and is highly
susceptible to pollution because of the rapid movement of water from the surface to the
subsurface (Kalhor et al. 2018). Some of the pollutants remain suspended in the water
column, such as chemicals or nitrates, which can easily enter drinking water sources or
move from one body of water to another (Davraz et al. 2009). These contaminants are
not visible, thus making it hard to determine the quality of the water without laboratory
analysis. Other pollutants, like garbage and sediment, can remain in the conduits,
because the velocity of the water is not strong enough to move them during baseflow
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(Reed et al. 2010). Urban springs do not discharge as much sediment as rural springs, as
a result of diverted and channelized water flows (Reed et al. 2010). Accumulation of
sediments in urban karst can result in urban flooding during storm events because the
conduit system cannot store or transport water faster than it is accumulating. This type
of pollutant tends to remain stationary, allowing pollutants to accumulate and attach to
the sediments, which can have a negative effect on water quality for hundreds of years
and make the groundwater source permanently contaminated (Guo et al. 2010). When
the sediments are washed out, it has been documented that certain pollutants, such as
metals and pathogens, are attached to the sediments and washed out in high
concentrations with the accumulated sediments (Vesper and White 2003).
Some other examples of urban pollutants are metals, high concentrations of
nutrients, enteric bacteria, pathogens, antibiotics, organic compounds, microplastics, and
volatiles that have been discovered in groundwater resources throughout the world for
decades indicating that current groundwater protection and management is not effective
for the overall protection of the resource (Foster et al. 1998; Vesper et al. 2003; Hatt et
al. 2004; Daesslé et al. 2009; Guo et al. 2010; Butscher 2011; Afsharnia et al. 2017;
Jiang et al. 2018; Doummar and Aoun 2018; Saint-Loup et al. 2018; Panno et al. 2019;
Peña-Guzmán et al. 2019). Another threat to karst groundwater is mining and
construction. The removal of surface soil to extract the rock material below increases
runoff flow and introduces sediments and mining pollutants into the karst system
(Langer 2001; Tao et al. 2012). These pollutants can be difficult to remove from the
water, indicating a need for better regulations and management systems, especially in
karst regions, to protect groundwater quality. Figure 2.5 shows a general overview of
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some groundwater pollutants and their sources. The diagram also displays how the
contaminants become a part of the drinking water supply, which is one of the main
issues with groundwater contamination in urban karst regions.

Figure 2.5. A Diagram of Groundwater Contaminants (Source: Groundwater
Contamination 2016).
Several surface streams can combine with groundwater in cave conduits and
take different paths back to the surface (Lee and Krothe 2001). Regardless of the quality
of water at the surface, if the polluted water in one region is introduced to the karst
aquifer, the pollutants could be transported to another region within the landscape and
both regions will have water quality issues. The movement and dispersal of pollutants in
karst systems are correlated with recharge rate (Dreiss 1983; Iqbal and Krothe 1995). If
the recharge rate is at baseflow, solid pollutants flow at a minimal velocity and liquid
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pollutants flow at a higher velocity (Göppert and Goldscheider 2007). This means
pollutants, such as oil and grease, will not settle out of the water column and will
continue to flow with the discharge or be skimmed on to the rock surfaces. Optimizing
an understanding and recognition of harmful and common pollutants in urban karst
groundwater is key to developing an effective and efficient management regime.
Processing and collecting water quality data from the past to the present will also aid in
the development of a management plan beneficial to a large majority of urban karst
regions by learning from the historical and current water quality issues in Bowling
Green. Table 2.1 organizes essential components for consideration in a karst
groundwater management plan, but new components also need to be considered for
urban karst settings.
Table 2.1. Essential Components for Groundwater Management (Sources: Quinlan and
Ewers 1985; Vrba 1988; Hoetzl et al. 1995; Kačaroğlu 1999).
Groundwater Protection
Components
Recognition of the source of
pollution
Understanding the properties
of pollutants
Recognition of the attenuation
mechanisms of the pollutants

Groundwater Monitoring
Components
Collect, process, analyze water
quality data from natural and
anthropogenic impacts
Provide data for planning and
management of groundwater
resources and protection
Provide data and information
for implementation of
groundwater regulations and
protection

Location and understanding of
water source

Conduct a karst feature
inventory

Presence of waste disposal
sites and disposal methods

Use dye-tracing to determine
the hydrology of the urban
karst
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Urban Groundwater
Control Measures
Regulations for
planning
Treatment of
wastewaters and liquid
waste
Prohibition of the
disposal of liquid waste,
wastewaters, and solid
waste into
underground conduits
Construction of proper
sewage and
wastewater collection
systems
Restriction of the use of
hazardous and toxic
materials

Geology and Karst
Geomorphology

Water quality monitoring plan
installed at input and output
springs as well as a control
spring with no influences

Application of proper
collection, storage and
treatment methods for
solid waste

Understanding of groundwater
recharge and watershed
boundaries
Understanding of groundwater
circulation in a karst aquifer
Understanding of precipitation,
stream and spring discharges,
and their fluctuations
Recognition of groundwater
level fluctuations
Understanding of relations
between surface waters and
groundwater

2.4.2 Stormwater and Karst
Stormwater is the result of precipitation moving across impervious surfaces in
urban areas and can be responsible for urban flooding and transport of pollution
(Livingston and McCarron 1991). Water is unable to penetrate impervious surfaces and
is forced to flow along the surface picking up pollutants until it can penetrate into a
pervious surface or is introduced to a surface stream. As the water flows across the
pervious surface, it transports pollutants that have accumulated in the dry period, such as
oil and grease, garbage, loose sediment, and even harsh chemicals from industry and
household materials (EPA 2012). Stormwater in karst areas is especially detrimental
because there is little to no filtration from the surface to the subsurface, which allows
pollutants to be directly introduced to groundwater resources, where they will either
accumulate or flow through the karst system until introduced to a surface body of water.
During a rain event, the increase in surface runoff not only introduces more water but
also more pollutants. The flooding associated with stormwater can also introduce
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sewage into the groundwater system as the water table rises and interacts with sewage
lines allowing for the introduction of harmful bacteria. The increase of intense storm
events as a result of climate change is progressing the frequency and intensity of
stormwater contamination (Olds et al. 2018). The pollutants from stormwater can be
categorized as: organic and inorganic water-soluble, light non-aqueous phase liquids less
dense than water (LNAPLS), such as gasoline or benzene, dense non-aqueous phase
liquids more-dense than water (DNAPLS), such as trichloroethylene or carbon chloride,
pathogens, metals, or typical trash (Vesper et al. 2001; Nedvidek 2014). When moving
through groundwater, LNAPLS typically float on the surface of the water until they
accumulate in an area within the conduit that is blocked or flow ceases. DNAPLS do not
float and typically sink to the bottom of the conduit, where they will settle with preexisting sediments. The metals introduced to groundwater during storm events typically
precipitate as a result of the highly alkaline karst water geochemistry (Vesper et al.
2001; Nedvidek 2014).
A common cause of nonpoint source pollution in urban areas is the first flush
event, which occurs as the rush of stormwater into the karst groundwater system flushes
any stored contaminants, as well as the newly introduced contaminants from water
flowing across impervious surfaces, out of the system and back to the surface through
outputs, such as springs (Randall et al. 1978; Hewitt and Rashed 1992; Stenstrom and
Kayhanian 2005). The first flush typically creates a large pulse of pollutants within the
first part of a significant rain event (greater than 2.5 mm), which can be detrimental to
groundwater quality when pollutants are introduced rapidly in large quantities (Quinlan
1990). Stormwater runoff pollution is primarily introduced to the groundwater through
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modified sinkhole drains, natural karst features within urbanization and the use of
injection wells (Crawford et al. 1987; Crawford 1989; Cesin and Crawford 2005;
Nedvidek 2014). The introduction of stormwater into the groundwater system allows for
the groundwater to be contaminated and as a result, drinking water resources can also be
contaminated. Regardless, stormwater is one of the main contributors of groundwater
pollutants in urban karst areas, thus making it essential to have an effective monitoring
program in place to help understand and mitigate urban pollutants (Zhou and Beck 2005;
Nedvidek 2014).

2.5 Groundwater and Public Health
Urbanization not only threatens groundwater, but the public's health as the result
of contaminated groundwater (White et al. 2018). Contaminated groundwater can lead to
an outbreak of disease and the contraction of endemic disease, such as cryptosporidiosis
(Frumkin 2002; Howard et al. 2006). This is an issue that affects all nations, particularly
developing ones, from lacking sanitation and infrastructure (Li and Wu 2019).
Waterborne pathogens are difficult to detect, especially in a rapidly changing and
flowing karst aquifer, but the negative impacts can be detrimental. Waterborne illnesses
are not as common in developed countries from groundwater contamination, but few
studies have focused on the impacts of karst groundwater and waterborne illnesses
(Leclerc et al. 2000). Studies have detected microorganisms, such as Escherichia coli (E.
coli), in karst aquifers, which can cause diarrhea and other gastrointestinal issues
(Leclerc et al. 2000). Evidence of antibiotics in karst water sources is an indicator of
human impact on water resources that will, in turn, impact public health (Dong et al.
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2018; Courtier et al. 2018; Doummar and Aoun 2018; Huang et al. 2019). The presence
of antibiotics allows the potential for antibiotic resistant bacteria in karst groundwater,
which threatens the wellbeing of the public and may not be able to be controlled if it
were to spread rapidly and be undetected. Contaminated groundwater not only threatens
the environment, but also the health of the community. The protection of public health is
another reason why an optimized, data-driven urban karst groundwater management
scheme is necessary to ensure sustainable living within karst landscapes.

2.5.1 Groundwater and Antibiotic Resistant Bacteria
The study of antibiotic resistant microorganisms and antibiotic resistant genes
residing in urban karst groundwater has received little attention. Studies have been
conducted to determine the existence of antibiotic resistant genes and antibiotic resistant
bacteria in surface streams, but there is little to no research conducted on the presence of
antibiotic resistant bacteria residing in urban karst aquifers (Agga et al. 2015; Devarajan
et al. 2016). The development of antibiotic resistant bacteria is a major concern for water
resources, especially drinking water because the presence of antibiotic resistant bacteria
and antibiotic resistant genes in water supplies reduces the control communities have
with preventing the spread of disease (Hao et al. 2018; Narciso-da-Rocha et al. 2018).
Antibiotic resistance is becoming a global threat to human and environmental health
through environmental factors including food, air, soil, surface, and groundwater, which
are influenced by socioeconomic risk factors (Vikesland et al. 2019).
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When microorganisms are immune to antibiotics, exposure results in overall negative
health impacts because the organisms are resistant to most or all available antibiotics
(CDC 2013; da Silva et al. 2013; Qui et al. 2016).
The Center for Disease Control and Prevention released an Antibiotic Resistant
Threat Report in 2013 ranking 18 bacterial and fungal threats into three main categories:
urgent, serious, and concerning, with respect to human health. A new report is expected
in fall 2019 with updated threats expanding on the impact of the growing antibiotic
resistance. The bacteria ranked as urgent are Clostridiodes difficle, Carbanpenemresistant Enterobacteriaceae (CRE), and drug-resistant Neisseria gonorrhoeae.
Clostridiodes difficle can cause extremely threatening diarrhea and colitis and infected
500,000 people in 2015 with 15,000 of those cases resulting in death. Carbanpenemresistant Enterobacteriaceae (CRE) is highly life-threatening as this group of bacteria is
resistant to almost all antibiotics including carbapenems, one of the last resort antibiotics
used, making CRE a very urgent threat. The Report (2013) noted 9,000 infections per
year resulting in 600 deaths per year of the 9,000 cases. Neisseria gonorrhoeae is the
bacteria responsible for gonorrhea and in 2013 there were 246,000 reported infections
on resistant bacteria that cannot be cured by the antibiotics in current use. This study
focused on the CRE group in groundwater resources. The bacteria ranked as serious
threats include: multidrug-resistant Acinetobacter, drug-resistant Campylobacter,
fluconazole-resistant Candida, Extended-spectrum Beta-lactamase (ESBL) producing
Enterobacteriaceae, vancomycin-resistant Enterococcus, multidrug-resistant
Pseudomonas aeruginosa, drug-resistant non-typhoidal Salmonella, drug-resistant
Salmonella Serotype Typhi, drug-resistant Shigella, methicillin-resistant Staphylococcus
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aureus, drug-resistant Streptococcus pneumoniae, and drug-resistant Tuberculosis. This
study focused on EBSL bacteria, which are a group of bacteria that contain the EBSL
enzyme. The presence of ESBL allows for resistance to strong antibiotics such as
cephalosporins and penicillins. The CDC report noted 26,000 infections per year with
1,700 of those cases resulting in death (2013). The bacteria ranked as concerning are
vancomycin-resistant Staphylococcus aureus, erythromycin-resistant group A
Streptococcus, and clindamycin-resistant group B Streptococcus. The concerning threats
are responsible for less than 800 deaths a year combined but are responsible for diseases
such as strep throat and scarlet fever (CDC 2013). The CDC focused on the most
threatening resistance, but the presence of antibiotic resistant bacteria in the environment
is concerning and suggests a strong need to understand the impacts on human health and
how to prevent this type of pollutant.
Antibiotic resistant bacteria are classified as emerging pollutants, but are not
currently regulated or monitored in surface water or groundwater policies. Some
examples of contributors to their development found in groundwater systems are
pharmaceuticals and personal care products, natural or synthetic hormones, industrial
chemicals, and endocrine disrupting compounds, which not only pollute groundwater,
but can negatively impact reproductive and other primary systems within the body if one
is exposed to high levels (Gavrilescu et al. 2015). These emerging pollutants can be
introduced to the groundwater through feces, urine, flushing unused medication, and
using household drains as a waste disposal for harmful products (da Silva et al. 2013;
Devarajan et al. 2016; Qui et al. 2016). Leaking sewer and water pipes, septic tanks, and
cesspits are also responsible for the introduction of these pollutants into the groundwater
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system where they can multiply and have detrimental impacts (Heinz et al. 2009; Hass et
al. 2012; Schmidt et al. 2013; Van Stempvoort et al. 2013; Vystavna et al. 2013;
Sorensen et al. 2015; Lapworth et al. 2015; Phillips et al. 2015).
The introduction of pharmaceutical and personal care products and endocrine
disruptor compounds is not intentional, but wastewater treatment plants are not equipped
or capable to remove these materials before returning the treated water to the
environment, because the particles are so fine they either pass through filters or current
treatment methods are not effective (Einsiedl et al. 2010; Deblonde et al. 2011; Hass et
al. 2012; Jalova et al. 2013; Metcalfe 2013; Stamatis and Konstantinou 2013; Uslu et al.
2013). Antibiotic resistant bacteria have been reported at the influent of wastewater
treatment plants before treatment even occurs (Chen and Zhang 2013). This is a major
concern in karst areas because some homes are not attached to the sewer system and
septic tanks or straight injection of waste into caves allows the pollutants and antibiotic
resistant genes to be directly introduced to groundwater supplies with no attempt at
remediation. Studies suggest that organic matter, sediments, leaf debris, etc., slow the
transport of pharmaceutical and personal care products, even though no such study has
been conducted in a karst aquifer setting, but retention of bacterial pollutants in karst
systems does occur (Göppert and Goldscheider 2007; Muller et al. 2013). Even though
organic matter can slow down or remove some antibiotic resistant bacteria as water
infiltrates through the soil to the aquifer, this is not the case in karst environments
because the groundwater does not have that barrier of protection. Microbiological
pollutants have been traced in karst groundwater, such as total fecal coliform,
Escherichia coli (E. coli), and other human pathogens, but antibiotic resistant varieties
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have not been researched much in an urban karst landscape (Lerch et al. 2001; Kelly et
al. 2009; Johnson et al. 2011; Sinreich et al. 2014; Allen et al. 2017; Fout et al. 2017;
Rosoles-González et al. 2017).
Anthropogenic pollutants within urban settings can be detected through a variety
of indicators, including certain types of bacteria, trace amounts of pharmaceuticals, such
as ibuprofen, caffeine, or iodinated x-ray contrast media, or similar media, that are
typically associated with outpatient procedures (Kormos et al. 2011; Hillebrand 2014;
Panno et al. 2019; Peña-Guzán et al. 2019). Studies indicate enteric bacteria are
associated with urbanization, including fecal enterococci and total aerobic bacteria
(Kelly et al. 2009). These bacteria can exist as either free particle or sediment-associated
(Mahler et al. 2000; Anderson and Rounds 2003; Pronk et al. 2006; Reed et al. 2011;
Zhang et al. 2014). Studies of karst springs and caves, such as the study by Kelly et al.
(2009) in Illinois, have found traces of enteric bacteria (E. coli, Enterococcus faecium,
and Enterococcus faecalis) consistently throughout the year, indicating that the bacteria
are of anthropogenic origin. Kelly et al. (2009) also noted that chlorine concentrations,
an indicator of urban pipe leakage, were in both a positive and negative correlation with
bacterial presence. Studies suggest that long-term residence of bacteria in karst aquifers,
such as E. coli, results in the reduction of the organisms because they are unable to live
outside a host no longer than fourteen days. In consideration of that fact, studies have
determined that microorganisms are able to use suspended solids and other sediments
within the karst aquifer as a host and are flushed out of the aquifer during storm events
when the flow is strong enough to also remove sediments (Vesper and White 2003).
When samples are taken during a dry period, they typically have measurable chlorine,
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but little to no bacteria. Storm samples nearly always have both bacteria and chlorine
values, indicating that bacteria are being constantly introduced to the system, but the
rapid transport of groundwater in storm events flushes the bacteria through the karst
aquifer system (Kelly et al. 2009). There are many ways in which antibiotic resistant
bacteria and antibiotic resistant genes can develop in surface and groundwater resources,
but there is little, if any, research conducted on the presence of antibiotic resistant
bacteria within urban karst groundwater. This is essential to understanding and
monitoring urban karst groundwater systems, in order to ensure not only safe drinking
water, but also the wellbeing of communities living on karst landscapes.

2.6 Evaluative Approaches to Karst Groundwater Management
Scientists have developed and provided a large variety of evaluation tools for
water resources, such as the Water Quality Index (WQI), and other karst specific water
quality evaluations (Harkins 1974; Bowen et al. 2018). The initial goal of the Water
Quality Index was to be an objective evaluation of the overall water quality of an area.
Any sampling parameters can be applied to the Index, because each parameter is
assigned a weight. Multiple studies have modified the Water Quality Index to evaluate
surface and groundwater resources throughout the world, but the index is not
considering the same parameters consistently from study to study making it difficult to
compare the studies (Ramakrishnaiah et al. 2009; Rajankar et al. 2009; Abbasi and
Abbasi 2012; Tyagi et al. 2013; Batabyal and Chakraborty 2015; Chourasia 2018;
Gnanachandrasamy et al. 2018; Guy-Baker 2018; Chande and Mayo 2019; Li and Wu
2019). The Index provides an idea of the general water quality, but emerging
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contaminants may not be considered or evaluated. The Index also lacks a starting point
for management plans because the parameters sampled are not comprehensive for an
overall evaluation of a study and do not provide guidance on what parameters to sample
or from where to sample.
In order to better monitor and protect karst landscapes specifically, researchers
have developed an array of indices, frameworks, risk assessments and groundwater
vulnerability models, that determine the vulnerability of karst areas to degradation.
Existing indices are constructed from layers within a Geographic Information System
(GIS), or similar program, consisting of data on groundwater, soil type, land use, etc., or
evaluation of preexisting impact data. When these layers are combined, the index is
ideally able to calculate a holistic description of the impacts on the landscape and
possible priority areas for management. There is a large variety of these evaluative
approaches with consideration to the threat, vulnerability, and overall quality of karst
and groundwater. Table 2.2 includes a few of the prominent evaluations and different
variations with new layers or features added to these evaluation approaches (Aller et al.
1987; Foster 1987; Van Stemproot et al. 1993; Malik and Svasta 1999; Petelet-Giraud et
al. 2000; Riberio 2000; Al-Adamat et al. 2003; Dörfliger et al. 2010; Mimi et al. 2012;
Brindha and Elango 2015; Taheri et al. 2015b; Oroji and Karimi 2017; Benabdelouahab
et al. 2018; Machiwal et al. 2018a; Mogaji 2018; Oroji 2018; Zhu et al. 2018; Chande
and Mayo 2019; Freitas et al. 2019).
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Table 2.2. Preexisting Evaluative Approaches for Karst and Groundwater (Source:
Created by Author).
AVI (Aquifer Vulnerability
RISKE (Rock of aquifer
SI (Susceptibility Index)
Index)

media, Infiltration, Soil Media,
Karst, Epikarst)

DRASTIC (Aquifer Depth,

GOD (Groundwater
Occurrence, Overall Lithology
of Aquifer, Depth to
Groundwater Level)

PI (Protective Function of the

REKS (Rocks, Epikarst,
Karstification, Soil Cover)

PLEIK (Protective cover,

IPI-Urban (Urban
Infiltration Potential Index)

KDI (Karst Disturbance

KAVI (Karst Aquifer

Index)

Vulnerability Index)

Recharge Rate, Aquifer
Lithology, Soil Type,
Topography, Impact of Vadose
Zone, Aquifer Hydraulic
Conductivity)

Landuse, Epikarst
development, Infiltration
conditions, Karst
Development)

Layers Above the Saturated
Zone)

Newly developed vulnerability and risk indices for groundwater pollution have been
developed focusing on a larger variety of attributes for consideration, but there is still a
lack of focus on urban karst vulnerability (Zuquette and Failache 2018; Lima et al.
2019). Even interdisciplinary approaches to karst groundwater protection have been
developed that consider scientific, socio-economic, and political impacts, but the preexisting management tools are lacking a universal and consistent approach to all urban
karst landscapes (Ficco and Sasowsky 2018). Assessments of groundwater using
statistical and inverse distance weighted modeling have also been developed to evaluate
impacts, but this approach is not user-friendly as a universal tool for urban karst
groundwater (Charizopoulos et al. 2018). These indices consider an extensive amount of
conditions from the amount of pesticides used to aquifer media, but impacts such as
urbanization, particularly in a karst region, are not specifically included or empirical
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data are lacking as inputs. The reproduction of previous evaluation results can be
difficult to mirror from one site to another because a few of the impacts (soil variations,
land use, vegetation) are scored on a scale that is subjective to the opinion of the
researcher. There are vague suggestions for the scoring process, but it is not controlled
solely by scientific data collected from field research (Van Stemproot et al. 1993;
Riberio 2000; van Beynen et al. 2007; van Beynen 2012b; Brindha and Elango 2015).
Another key aspect of monitoring karst landscapes is having a complete
understanding of the karst features associated with each specific region. This is achieved
by conducting a karst inventory analysis to ground truth and develop a database of GPS
points of features, such as springs, sinkholes, caves, and other karst features. These data
are useful when considering development or the general hydrology of a region. As urban
karst areas continue to develop over time, it is imperative to establish a more
quantitative and holistic understanding of them to improve protection of the resource.
Several different approaches have been used to conduct an inventory with
different areas of focus. A general inventory of karst landscapes was developed in
British Columbia with standards and procedures for conducting the survey and looking
at aquifer vulnerability (Stokes and Griffiths 2000). The karst inventory approach
developed by Stokes and Griffiths (2000) is not used solely, but with the aid of other
karst inventory approaches, such as the Karst Inventory Standards and Vulnerability
Assessment Procedures for British Columbia and Karst Management Handbook for
British Columbia when evaluating a karst landscape (B.C. Ministry of Forests 2003a,
2003b; Stokes et al. 2010). When an inventory is conducted, the features of a karst
landscape, such as springs, sinkholes, and caves, are given a GPS point and data are
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collected about the site. A more focused inventory that focuses on springs is the Karst
Feature Database (KFD) developed in Minnesota that predominantly uses GIS data
sources in order to aid in the management of local karst areas (Gao et al. 2005a, 2005b,
2006; Gao and Zhou 2008). The most focused example of an inventory was created by
Harley et al. (2010, 2011), which solely address caves and their location, as well as their
internal environment, in order to evaluate the risk and hazards affecting the quality of
the cave environment. These inventories are an important step to managing karst
environments, but they cannot be the only tool used to create a sustainable karst
management plan in urban areas.
Overall, monitoring plans and programs are most commonly used in the
evaluation of karst landscapes, because they allow for a holistic evaluation of the
landscape for each specific location. Typically, a monitoring plan looks at a few key
components for protecting a karst landscape, including the overall development and
practice of monitoring groundwater resources, defining risk and protection zones, the
realization and development of sustainable land use practices, understanding the
development capacity of an aquifer, prevention and control of pollutants affecting the
aquifer, and overall public education about the landscape they are living with and how to
live conservatively (Kačaroğlu 1999). Modern research includes specific aspects of these
features, such as developing regions and the issues and pollutants associated with them
(Kovarik 2015).
Studies indicate improvement with using GIS, statistical approaches, and neural
network modeling applications to vulnerability and risk mapping for development and
groundwater that embody the main concepts of karst landscape monitoring (Howard
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2015; Aydi 2018; Bo et al. 2018). These studies are similar, yet unique, because they are
designed for a certain region and would need to be altered if applied to another karst
area. Overall, evaluative tools define issues affecting the landscape, but do not formulate
a monitoring or management plan for conservation, protection, or sustainable
development (Colarullo and Heidari 1984; Barner 1999; Dufresne and Drake 1999; Choi
and Ball 2002; Wong et al. 2002; Goldscheider 2005; Nguyet and Goldscheider 2006;
Panagopoulos et al. 2006; Loukas 2007; Ravbar and Goldscheider 2007; Croskrey and
Groves 2008; Baffaut and Benson 2009; Gondwe et al 2011; Ellis et al. 2012; Fletcher et
al. 2013; Hao et al. 2013; Machiwal et al. 2015; Taheri et al. 2015a, 2015b; Liu et al.
2016). Current modeling and monitoring methods inherently have errors and human
impacts within karst regions are still present. These models also have errors that are
associated with statistical analysis (van Beynen et al. 2007). Even though monitoring
programs currently exist, a new data-driven model could be the best approach to combat
urban pollutants, because the model would be based on actual data rather than
theoretical observations or blanket generalizations.
Another approach to the understanding and conservation of karst landscapes is
conducting hazard and risk assessments in order to define the hazards affecting the
landscape, as well as the risk toward humans that are associated with the hazards. Some
common hazards associated with karst are sinkholes, flooding, landslides, saltwater
intrusion, waste disposal, industrial activity, and aquifer contamination, which are
increasing with the rapid urbanization and the unsustainable use of resources (Bonacci
2004; Parise et al. 2004, 2009; Casagrande et al. 2005; Ravbar 2005; Gutiérrez et al.
2014). Figure 2.6 displays common hazards that affect a karst landscape.
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Figure 2.6. Common Hazards Evaluated in a Karst Landscape (Source: Gutiérrez et al.
2014).
In order to determine the hazards and risks, an inventory must first be conducted
for karst features such as springs, caves, and sinkholes (Farrant and Cooper 2008). Once
the landscape is mapped out, a quantitative hazard estimate can be used to complete risk
assessments, which then can contribute to environmental law and regulation
development (Gutiérrez et al. 2014). When considering urban karst, the main feature
impacted by urbanization is groundwater, because it connects the karst features, as well
as the surface and subsurface (Parise et al. 2004; Brinkmann and Parise 2012).
In order to evaluate the risk associated with karst groundwater, a
Hydrogeological Environmental Impact Statement (HEIA) should be developed
(Brinkmann and Parise 2012). The HEIA takes into account unique features of karst that
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a standard EIA is not designed for, such as the unpredictable hydraulic behavior and
extreme sensitivity to pollution. The landscape is then typically evaluated using one of
the aforementioned indices, or a new approach using a neural network model application
to determine karst groundwater risk for an area from a smaller sample within the study
area (Bo et al. 2018), a comprehensive risk assessment that uses an interdisciplinary
approach for groundwater evaluation (Jenifer and Jha 2018), a multivariate statistical
and analytical hierarchy approach for vulnerability (Das et al. 2018), or a GIS-based
multi-criteria decision analysis (Aydi 2018), but effectiveness depends on the robustness
of the dataset (Gutiérrez et al. 2014). Developing an approach that completes the
understanding of human impacts on karst and the risk and hazards that those actions
have on the landscape, as well as the community, is essential to be able to live with karst
in a sustainable manner (Barnett et al. 2008; Brinkmann and Parise 2012).
In considering existing indices, the EPIK index (Epikarst, Protective cover,
Infiltration conditions, Karst network development) is designed to evaluate the
vulnerability of karst groundwater through GIS by overlaying the EPIK feature layers
(Doerfliger et al. 1999). The output of this model is defined vulnerability zones that are
weighted based on the four layers of the landscape. The use of this index is semiquantitative because the layers are given numeric values based on predefined levels of
development. The data are then digitized and processed through GIS to determine the
vulnerability of areas within a region (Doerfliger et al. 1999). This index is not truly
data-driven, because the layers are generalized for an entire region and not to a specific
karst area, which creates errors in the index for each karst landscape (Barnett et al.
2008). The index has been applied to several different regions of karst in comparison
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studies to other indices, but the results typically do not correlate with the other indices in
the studies (Gogu et al. 2003; Vías et al. 2005; Ravbar and Goldscheider 2009). Figure
2.7 displays the semi-quantitative scaling of the index. The rankings have descriptions in
order to ensure the study is repeatable, but there is still bias error with this method
because the rankings are subject to each researcher's opinion. The EPIK index is one of
many created to assist in the management of karst, but is not the most effective approach
for urban karst areas in fully capturing potential risks to groundwater or providing
solutions for mitigating possible impacts.
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Figure 2.7. Rating Scale of the EPIK Index (Source: Doerfliger et al. 1999).
Another index focused on karst aquifers is the KAVI (Karst Aquifer Vulnerability
Index), which stemmed from the AVI (Aquifer Vulnerability Index) and was altered for
application to karst aquifers (Van Stempvoort et al. 1993; van Beynen et al. 2012c). The
goal of the development of the KAVI was to look at both anthropogenic influences and
the geophysical aspects of the landscape in order to determine the impacts on a karst
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aquifer. The KAVI is similar to other indices in that it consists of a point-based scoring
system determined by predefined characteristics (Figure 2.8). This approach is also reliant
on GIS data layers in order to make an evaluation, which makes the model generalized in
reference to a specific karst feature. The scoring system again allows for bias to be
introduced, but the characteristics in this model have stronger boundaries for the scoring
process. The effectiveness of the index is still questionable because the model is not
predominantly data-driven and effectiveness varies from one study site to another. The
model has not been applied to many locations, but it does create possibilities for other
models to be developed. Regardless, the index does not fully account for the impacts of
urbanization on karst, which is essential to protecting groundwater quality (Howard 2015).

Figure 2.8. KAVI Scoring Process (Source: van Beynen et al. 2012c).
The Karst Disturbance Index (KDI) and the Karst Sustainability Index (KSI) were
developed to help environmental and resource managers focus holistically on areas of
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higher vulnerability to human impact within a karst landscape (van Beynen and Townsend
2005; van Beynen et al. 2012b). The KDI and the KSI are both semi-quantitative
approaches to karst landscape management because the index values are determined from
the ranking of predetermined indicators and subjective data. Both indices are constructed
using data layers to evaluate a karst region based on broad datasets and observations. The
indices have been applied to a variety of landscapes, but indicators are added or
recommended to customize the analysis for each karst area (Calò and Parise 2006; van
Beynen et al. 2007; North et al. 2009; Day and Chenoweth 2011; Parise et al. 2015b;
Porter et al. 2016). These indices offer the most holistic approach to evaluating the health
of a karst system. Table 2.4 displays the indicators applied in the KDI index. The index is
scored out of a 0-1.1 range, with a value closer to one being a higher value of disturbance.
The KDI is more widely applied than the KSI because it has been in circulation longer
and focuses on the potential impacts to karst from humans, for which data are often more
widely available. Both indices, particularly the KSI, introduce the idea of urban impacts,
but more than what is considered in these indices is needed in urban karst regions. Table
2.3 displays the scoring system of the KDI.
Table 2.3. Chart of the Updated Scoring System of the KDI (Source: van Beynen et. al
2007).
Score (tally. Total possible tally)

Degree of Disturbance

0.8-1.1

Severely disturbed

0.6-0.79

Highly Disturbed

0.4-0.59
0.2-0.39
0-0.19

Disturbed
Little disturbed
Pristine
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Table 2.4. KDI Indicators (Source: van Beynen and Townsend 2005).
Surface
landforms

Atmosphere

Hydrology

Biota

Subsurface
Biota

Quarrying/
mining
Flooding

Air Quality

Water
Quality
Surface
Practices

Vegetation
Disturbance
Vegetation
Removal

Species
Richness
Population
Density

Stormwater
Drainage

Human
Induced
Condensation
Corrosion

Infilling

Dumping
Soils

Erosion
Compaction
Subsurface
Karst

Desiccation

Pesticides
and
Herbicides

Cave
Environment

Industrial
and
Petroleum
spills or
Dumping
Spring
Water
Quality
Occurrence
of Algal
Blooms

Groundwater

Cultural
Factors

Human
Artifacts

Stewardship
of Karst
Region
Regulatory
Protection
Enforcement
of
Regulation
Public
Education

Building
Infrastructure
Building of
Roads
Building Over
Karst Features
Construction
Within Caves

Water
Quantity
Changes in
Water
Table
Changes in
Cave Drip
Waters

Cave
Vandalism
Mineral/
Sediment
Removal
Floor
Sediment
Destruction
Flooding

Evaluative approaches are key to understanding a karst landscape, but these approaches
are only a supplement to a complete model for the preservation and conservation of karst
and groundwater and its management, particularly in an urban karst landscape. They
evaluate the landscape but provide no management or remediation plan, nor methods for
data collection to inform the land managers or appliers of the index in order for them to
move forward on protection measures. They also do not adequately address the major
impact to karst landscapes and groundwater of urban influences, which are often more
localized and generally require more data collection and observation than general land
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use mapping, particularly on a temporal scale. Indices are a good approach to the
problem, but there is a need for a more data-driven, focused monitoring and
management approach in urban karst areas to ensure their protection. Water quality
monitoring criteria for karst areas have only recently been suggested in a general format
(Milanović and Vasić 2015), but still lack an evaluative component or sufficient focus
on urban karst areas.

2.7 Management Approaches to Karst Groundwater Management
There are groundwater management plans and regulations in myriad countries,
such as the United States, Mexico, Italy, and the United Kingdom (Huppert 1995;
LaMoreaux et al. 1997; Kačaroğlu 1999; Force 2000; Escolero et al. 2002; Polemio et
al. 2009b; Bakalowicz 2011; Parise et al. 2015b). Regardless of current regulations,
there are still groundwater quality issues and a need for new management practices on
both international and national levels (Drangert and Cronin 2004; Barbosa et al. 2012;
Parise et al. 2015b). The need for regulation is not only applicable to developed nations
but also useful for developing nations in need of a groundwater management toolbox
and improved regulations to help mitigate common urban pollutants in groundwater
(Molerio Leόn and Parise 2009).
Overall, there is a strong need for holistic karst and groundwater management,
regulations, and educational outreach in order to preserve the valuable resources
associated with a karst landscape, both nationally and internationally (Tsihrintzis and
Hamid 1997; Kastning and Kastning 1999; Escolero et al. 2002; Foster et al. 2003;
Drangert and Cronin 2004; Miguntanna et al. 2010; van Beynen and Fleury 2010; Guo
43

and Jiang 2011; Barbosa et al. 2012; Burns et al. 2012; Day and Reynolds 2012; Foster
and Ait-Kadi 2012; Parise et al. 2015b; Ravbar and Šebela 2015; Megdal et al. 2017).
As a result of water pollution, regulations are implemented in order to help
preserve the quality of water resources for human and ecological purposes. In the U.S.,
this movement began with the EPA’s Clean Water Act (1972), which sets regulations
and restrictions on pollutants to help improve water quality. Some of these regulations
control pollutants caused by industry, wastewater, stormwater runoff, and oil and grease
spills (EPA 2013). In compliance with the Clean Water Act, the Safe Drinking Water
Act (Tiemann 2011) ensures quality drinking water by pollution prevention. Within the
Safe Drinking Water Act, there is an Underground Injection Control program, which
provides for the use of Class V Injection Wells, that protects groundwater storage of
drinking water (EPA 1999). Some determined threats to groundwater are associated with
stormwater runoff and, as a result, the EPA improved its policy to include stormwater
drains in the UIC. The main threats to water quality result from industry, agricultural,
stormwater runoff, and the introduction of septic waste, which can infiltrate into
groundwater causing contamination (Donaldson 2004). These regulations are ideally
enforced through permits and inspections to ensure permit holders are meeting
compliance (EPA 2013).
Federal karst regions, particularly caves, are protected by two federal laws, the
Federal Cave Resource Protection Act of 1988 (FCRPA) and the National Cave and
Karst Research Institute Act of 1998 (NCKRIA) (Congress 1988, 1998). The FCRPA
only protects caves on federal lands, such as national parks, in order to preserve the
caves for enjoyment and the benefit of all U.S. citizens. This act is focused solely on
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national lands and does not benefit the entire karst landscape or take into consideration
threats to groundwater and karst quality outside of federally protected land, making the
Act useless in the majority of karst areas. The goal of the NCKRIA is to provide
education and resources for the protection of karst, but it is not designed to regulate the
destruction of these fragile landscapes. Also, these Acts have been in place since the
1990s, but no further federal action has been taken to ensure the protection of karst and
groundwater resources. The federal government puts the responsibility of protecting and
enforcing regulations associated with karst to individual states, which creates a lapse in
consistence of enforcement from one karst region to another.
Even though minimal regulations exist addressing the protection of karst
environments, protection is also necessary for groundwater resources (Parise and
Sammarco 2014). Groundwater is regulated in some states, such as Kentucky and
Florida, by federal, state, and local regulations, as well as indirect enforcement, but karst
environments are often more sensitive to impacts than surface environments. The EPA
enacted the Groundwater Rule in 2006 in order to protect public health from
contaminated drinking water sources. The set maximum contaminant levels are
regulated only for groundwater used as a drinking water source and do not apply to the
protection of the entire aquifer. This regulation is the beginning of needed legislation to
ensure the protection of groundwater resource. There are few regulations that pertain to
karst specifically, which could be necessary to efficiently protect groundwater as well
(Gorelick 1983; KAR 1994; LaMoreaux et al. 1997). Since each karst region is unique,
there is not just one general protection plan that is suitable for all locations, but rather
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best management practices (BMPs) should be created for each site based on need and
relevance (Bakalowicz 2011).

2.7.1 State of Kentucky Management Approaches to Karst Groundwater Management
In Kentucky, the Kentucky Cave Protection Act protects materials found in
caves, but is focused on the protection of archaeological sites within caves more so than
groundwater resources (KRS 433.871-433.885). In order to protect the water resources
of the commonwealth, which includes groundwater, the Kentucky Groundwater
Protection Plan was established under 401 KAR 5:037. This is the state's approach to
ensuring the protection of water resources from any activities pertaining to pesticides or
fertilizers, land treatment and disposal, waste, mining activities, and any industrial
pollutants (KAR 1994). In order to be in compliance with this regulation, industries are
required to develop a plan that mitigates groundwater pollutants, which they produce
from manufacturing processes, that is approved by the Kentucky Division of Water.
Once approved, the plan is accountable for three years, unless there is a personal or
activity change, at which time it is required to evaluate and update the Groundwater
Protection Plan. The Groundwater Protection Plan mentions karst once in the state
regulation, but there are no set regulations to ensure the protection of karst groundwater,
let alone in urban areas. The withdrawal and use of groundwater in Kentucky are also
regulated by chapter 151 of the state's statutes, which regulates geology and water
resource. 151.100 regulates stakeholders that withdraw, diverting and transferring of
more than 10,000 gallons of water per day, except for agricultural uses, domestic
purposes, energy production, and oil and gas injection wells. Non-exempt stakeholders
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are required to follow a permit regulated by the Kentucky Department of Environmental
Protection. This regulation protects the quantity of groundwater resources, but not the
quality. Statutes 151.620 through 151.629 establish the regulations and mandates for
groundwater monitoring and quality. Through these statutes, the Kentucky Geological
Survey is mandated as the state's repository for groundwater information through the
Interagency Technical Advisory Committee on Groundwater. This is a long-term
monitoring network developed since 1990 that records any groundwater data collected
from federal, state, local, industries, agriculture, universities, and the general public
within the state of Kentucky. Even with this monitoring network in place, Kentucky still
has evidence of groundwater quality issues, which is why a more effective and efficient
management plan is needed.
One of Kentucky’s approaches to groundwater management is the use of BMPs,
such as the Groundwater Protection Plan or the Stormwater Quality Management Plan
(SWQMP), which are in compliance with the Municipal Separate Storm Sewer System
(MS4) Phase II program implemented in 1999. Stormwater, which is classified as nonhazardous, has vast negative impacts on urban karst, and is regulated through EPA
established regulations, but negative impacts to the karst or groundwater resources from
pollutants introduced to the stormwater before it enters the groundwater system still
occur (EPA 2003). The MS4 program has two phases, with Phase I being designed for
cities with populations greater than 100,000 and Phase II for cities with a population
greater than 10,000 that are not classified as Phase I. Phase I cities are required to
monitor runoff of stormwater drainage wells into karst environments that have been
altered as a storm runoff drain (U.S. Fish and Wildlife Service 2001). This is not
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required in Phase II communities, such as Bowling Green, which eliminates an element
of federal regulations for karst in urban settings.
Bowling Green, being a Phase II MS4, is required to meet six set minimum
control measures in order to be in compliance: Public Education and Outreach, Public
Involvement and Participation, Illicit Discharge Detection and Elimination, Construction
Site Stormwater Runoff Control, Post Construction Stormwater Management in New
Development and Redevelopment, and Pollution Prevention of Good Housekeeping
(EPA 1999). In the state of Kentucky, the MS4 Phase II program is established under the
KYG20 permit. Along with meeting the minimum control measures, a Phase II
community is required to implement an SWQMP to combat and reduce pollution to
meet the requirements of the minimum control measurements (KDOW 2010).
The Kentucky Pollutant Discharge Elimination System (KPDES) is the state
interpretation and enforcement of the federal National Pollutant Discharge Elimination
System (NPDES) that allows the state to permit and regulate MS4 Phase II communities
for point source pollutants as they see fit under its guidelines (KPDES 2010). The
current regulation and management approaches in Kentucky's metropolitan areas are
primarily education and based on community involvement, which is an essential aspect
to urban karst groundwater management but is only a part of the entire management plan
needed to protect groundwater resources. Even though groundwater is protected as
public water of the Commonwealth, there is still evidence of groundwater quality issues,
especially in urban karst regions of the state indicating that the regulations are not being
enforced and a new management approach is needed to protect groundwater quality.
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Bowling Green, one of the most studied urban karst areas, not only complies
with the federal and state regulations but also goes above and beyond the base
requirements for groundwater monitoring. The City conducts quarterly monitoring and
water analysis samples for common pollutants, such as oil and grease, metals, anions,
alkalinity, total organic carbon, biological oxygen demand, and chemical oxygen
demand, in order to create a stronger understanding of the urban karst groundwater
conditions (Nedvidek 2014). This approach to sampling only provides a snapshot of the
water quality, which in a karst region can change in a matter of minutes. Other studies
conducted throughout Bowling Green's history offer a variety of different management
plans and different resolutions, but none that have holistically provided a management
and remediation plan for ongoing water quality issues (Crawford 1989; Nedvidek 2014).
Bowling Green has started a real-time monitoring system throughout the city at a few
major outputs (Polk et al. 2016). The real-time is set to a ten-minute resolution with data
points being collected for dissolved oxygen, pH, specific conductivity, and turbidity and
sent to a website for public access. A study conducted by Nedvidek (2014) determined
that bi-weekly sampling produced different results than the City's current quarterly
sample regime, and current real-time monitoring also indicates different results, which
suggests that high-resolution sampling is needed in urban karst settings to best capture
issues with stormwater runoff quality, including that which is directed into injection
wells and modified sinkholes.
To be in compliance with the minimum control measures, Bowling Green
pursues a variety of outreach programs with local schools and is partnered with Western
Kentucky University on a joint campaign to “Keep it Clean Bowling Green,” in order to
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raise public awareness. The City is making progress towards an effective monitoring
program, but there is still evidence of quality issues (Nedvidek 2014). There is an
extensive amount of data that exists for Bowling Green on urban groundwater conditions
and the overall hydrology of the region spanning decades, but they are inconsistent and
only provide a portion of what is needed to efficiently and sustainably live with and
manage urban karst. Karst is a living system that is constantly changing, which is why a
management approach needs to be adaptive to the current conditions of the landscape.
Figure 2.9 displays the shortcomings of the groundwater management cycle and why it
is currently ineffective.
An example of karst groundwater management shortcomings occurred when a
flood in 2010 resulted in catastrophic damage within Bowling Green and Nashville,
Tennessee (Durkee et al. 2012). Flooding did not occur until days after the storm event
and many residents and city officials were caught off guard by the different hydrologic
response presented by the karst system. The groundwater flowpaths changed and the
water was forced to go to different places, which compromises inflexible urbanization,
and led to flooding and surcharging wells that were intended to remove water due to the
karst groundwater table rising as waters recharged the aquifer (Lawhon 2014).

2.7.2 State of Florida Management Approaches to Karst Groundwater Management
The state of Florida has implemented policies pertaining to the protection of
groundwater, and karst as a byproduct. Under the 1972 Model Water Code legislation,
the Florida Department of Environmental Protection and five water management
districts were created in order to manage water resources at a state and regional level.
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The five districts include Northwest Florida, Suwannee River, St. Johns River,
Southwest Florida, and South Florida. The Department of Environmental Protection
Office of Water Policy is responsible for the management of the districts, controls
groundwater protection in Florida. The districts are responsible for the implementation
of policy and management plans defined by the Department of Environmental
Protection, but also local legislation tailored to their own district. General protection of
water and groundwater resources is regulated at the federal level through the Clean
Water Act, the Safe Drinking Water Act, National Pollutant Discharge Elimination
System, and the Underground Injection Control program, which also implemented in
Kentucky as well.
In 1984, the Florida Department of Environmental Protect implemented their
Florida Water Plan. The plan is a statewide initiative to protect water resources. Within
this plan is the Groundwater Management Program, which focuses on groundwater
resources that affect surface water quality (Florida Department of Environmental
Protection Office of Water Policy 2016a). The Groundwater Management Program is
responsible for monitoring surface and groundwater interactions, spring restoration, and
agrichemical effects of pesticides on groundwater. The data collected through this
program are used to develop Florida’s Integrated Water Quality Assessment Report for
the EPA in order to ensure compliance with the Clean Water Act. To help ensure
regulation of this program the Department of Environmental Protection also created the
Aquifer Protection Program. This program is tasked with implementing all regulatory
programs affecting groundwater. The Department of Environmental Protection exercises
authority of groundwater regulation under chapter 62-520 and has several regulatory
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programs including Underground Injection Control Program (UIC), Regulation of
Wells, Water Well Construction, Source Water Protection Programs, and Groundwater
Classes, standards, and Monitoring (Florida Department of Environmental Protection
Office of Water Policy 2016b). The regulations allow for the Department of
Environmental Protection to enforce the Groundwater Management Program through
scientific sampling and monitoring as well as best management practices.
In 1999, Florida implemented the Florida Watershed Restoration Act, which is
responsible for monitoring surface water quality, such as springs. The collected
monitoring sample data are stored in the Watershed Information Network and STORET
Public Access program, as well as the Water Quality Monitoring Activity Tracker. The
Act assesses waterbodies in order to determine if they met set quality standards and if
not they are deemed impaired. If this occurs a quality restoration target or Total
Maximum Daily Load is developed for the body of water in order to lower
contamination levels. In order to meet the restoration target of an impaired body of
water, a Basin Management Action Plan is developed to determine the impairment and a
plan of remediation. In 2016, the Florida Springs and Aquifer Protection Act was
implemented, which protects historic first magnitude springs and springs of special
significance in order to protect the states unique resources. These springs are noted as
“outstanding” and are assessed under the Watershed Restoration Act to determine
impairment. If impaired, a new Basin Management Action Plan (BMAP) is implemented
with a more focused approach to remediation through set milestones, prioritized
restoration projects with outlined budgets, establishing protection areas to prohibit
harmful activities, estimation of nutrient pollutant loads, and remediation plans for
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onsite sewage treatment and disposal systems (Florida Springs and Aquifer Protection
Act 2016). Florida has more rigorous regulations for groundwater protection than
Kentucky, but the groundwater systems are different in this region, which reflects the
need for area-specific karst groundwater management plans. Both Kentucky and Florida
have developed legislation to protect groundwater resources, but there is still evidence
of groundwater contamination indicating that the legislation is either ineffective or not
being enforced. In order to ensure the protection of groundwater resources, new
management approaches need to be developed in order to meet or improve the current
legislation. There is still more to be understood and incorporated in an urban karst
groundwater management system for an effective approach to be developed with the
mindset of sustainably living with urban karst groundwater.

Figure 2.9. The Shortcomings of the Groundwater Management Cycle (Source: Morris
et al. 2003).
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2.8 Karst Groundwater and Management Needs
Bowling Green and the Tampa Bay Metropolitan Area are excellent case studies
for testing a holistic data-driven groundwater management toolbox, because of the
extensive groundwater quality databases developed in these areas from previous and
current studies, but the toolbox needs to be holistically applicable. Karst is found on
every continent and there is a vast number of cities developed within karst regions, such
as Cuba, Bosnia Herzegovina, Australia, Italy, Turkey, and in the U.S. in places like
Florida and Texas, to name a few, but these areas face the same challenges as Tampa
Bay Metropolitan Area and Bowling Green from the threat of urbanization on
groundwater quality and the lack of an effective management scheme (Kačaroğlu 1999;
Calò and Parise 2006, 2009; Molerio León and Parise 2009; Toran et al. 2009). Actions
are being taken, but an optimized, data-driven monitoring toolbox is ideal for urban
karst regions so that land managers understand what needs to be managed, and how to
do it, in order to prevent the polluting of karst groundwater resources.

2.9 Conclusion
Urban karst settings are understudied but are faced with a variety of unique
challenges. The world population is increasing rapidly, with no projection of slowing.
This trend is not only global, but also local, and can be seen and studied in Bowling
Green, Kentucky, and Tampa Bay Metropolitan Area, Florida which are both exhibiting
population growth in an urban area underlain by karst. Karst regions are extremely
sensitive, especially to groundwater pollution. Once the karst aquifer has been
contaminated, the pollutants are spread rapidly. Urban pollutants are extremely harmful
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to karst groundwater because the pollutants are introduced directly from the surface to
the subsurface with little to no natural filtration. Evaluative approaches have been
applied to karst regions, such as the DRASTIC, KDI, KSI, EPIK, and KFI, but these
studies are predominately theoretical and the data used are often collected in a variety of
different methods, introducing potential errors in the index. Groundwater is monitored
and evaluated, but urban karst features are neglected and the evaluations do not produce
a solution. Management of groundwater has similar results because karst groundwater
has little to no protection on the federal level and the state has weak regulations that only
require BMPs. Groundwater is threatened by urban development because pollutants are
harsher and in larger quantities compared to non-urban karst regions. There is also a
concern for new threats to groundwater, such as antibiotic resistant bacteria. Bowling
Green and Tampa Bay Metropolitan Area are a few of the largest urban karst regions
with monitoring plans in play, but there are still water quality issues present. The
development of a holistic, data-driven urban karst aquifer resource evaluation toolbox is
a needed tool in the protection of urban karst groundwater locally and internationally.
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CHAPTER THREE: DEVELOPMENT OF THE URBAN KARST AQUIFER
RESOURCE EVALUATION (UKARE) TOOLBOX

3.1 Introduction
There is an emerging need for the protection of urban karst groundwater
resources as urban development continues to grow and threaten this resource. Urban
areas, as defined by the United States Census Bureau, comprise all territory, population,
and housing units in urbanized areas and in places of 2,500 or more persons outside
urbanized areas, which is the definition intended for the development and application of
the UKARE Toolbox (US Census Bureau 1995). An estimated 25% of the world relies
on groundwater for their drinking water source, which suggests that a highly effective
monitoring and management approach for urban karst aquifers is needed (Ford and
Williams 2007; Stevanovic 2018). Several studies have utilized evaluative approaches in
an attempt to identify issues in urban karst areas, such as flooding and groundwater
contamination. One of the greatest threats to groundwater, and a main contributor of
pollutants, is represented by land use changes, particularly within urban settings (Lerch
2011). Groundwater in urban karst settings is directly affected by anthropogenic surface
activities and is highly susceptible to pollution because of the rapid movement of water
from the surface to the subsurface (Kalhor et al. 2018; Parise et al. 2018).
Some common pollutants associated with urbanization are microbial bacteria,
sewage, nitrates metals, such as chlorides, sodium, and potassium, which are strong
indicators of urban influence on the quality of groundwater that have a negative impact
on drinking water resources (Jiang and Yan 2010; Jin et al. 2018; Varade et al. 2018).
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The presence of antibiotics in the groundwater creates the potential for antibiotic
resistant bacteria in karst groundwater, evidence of antibiotics in karst water sources is
an indicator of human impact on water resources that will, in turn, impact public health
(Courtier et al. 2018; Dong et al. 2018; Doummar and Aoun 2018; Huang et al. 2019).
The development of antibiotic resistant bacteria is a major concern for water resources,
especially drinking water because the presence of antibiotic resistant bacteria and
antibiotic resistant genes in water supply reduces the control communities have with
preventing the spread of disease (Hao et al. 2018; Narciso-da-Rocha et al. 2018). When
microorganisms are immune to antibiotics, exposure results in overall negative health
impacts as the organisms are resistant to most or all antibiotics used (CDC 2013; da
Silva et al. 2013; Qui et al. 2016). Antibiotic resistance is becoming a global threat to
human and environmental health through environmental factors, including food, air, soil,
surface, and groundwater, which are influenced by socio-economic risk factors
(Vikesland et al. 2019). Regulations do exist for the protection of water resources, but
regardless of current regulations, there are still groundwater quality issues and a need for
new management practices on both national and international levels with regard to
policy (Drangert and Cronin 2004; Barbosa et al. 2012; Parise et al. 2015b).
Various different evaluative indices, such as the Karst Disturbance Index (KDI),
Karst Aquifer Vulnerability Index (KAVI), EPA’s DRASTIC, and the Karst
Sustainability Index (KSI), and the indices in Table 3.1 are used around the world to
identify threats and conditions of karst areas, but the methods used with these
approaches vary among locations and lack a focus on urban karst groundwater quality,
since most of them are more holistic in nature (Aller et al. 1987; Van Stempvoort et al.
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1993; Doerfliger et al. 1999; Stokes and Griffiths 2000; Al-Adamat et al. 2003; Gao et
al. 2005; Nguyet and Goldscheider 2006; Panagopoulos et al. 2006; Vías et al. 2006;
Ravbar and Goldscheider 2007; van Beynen et al. 2007, 2012b, 2012c; Polemio et al.
2009a; Day et al. 2011; Mimi et al. 2012; Brindha and Elango 2015; Taheri et al. 2015a,
2015b; Porter et al. 2016).
Table 3.1. Preexisting Indices for Karst and Groundwater (Source: Created by Author).
AVI (Aquifer Vulnerability
RISKE (Rock of aquifer
SI (Susceptibility Index)
Index)

media, Infiltration, Soil Media,
Karst, Epikarst)

DRASTIC (Aquifer Depth,

GOD (Groundwater
Occurrence, Overall Lithology
of Aquifer, Depth to
Groundwater Level)

PI (Protective Function of the

PLEIK (Protective cover,

IPI-Urban (Urban
Infiltration Potential Index)

Recharge Rate, Aquifer
Lithology, Soil Type,
Topography, Impact of Vadose
Zone, Aquifer Hydraulic
Conductivity)
REKS (Rocks, Epikarst,
Karstification, Soil Cover)

WQI (Water Quality
Index)

Landuse, Epikarst
development, Infiltration
conditions, Karst
Development)

EPIK (Epikarst,
Protective cover,
Infiltration conditions,
Karstic Network)

Layers Above the Saturated
Zone)

COP (Concentration of
the flow, Layers above
the aquifer, Precipitation)

Most models and methods address the general impacts on a karst environment, but none
fully address the intersection of groundwater quality and urbanization, thus making them
incomplete and not useful at certain scales; almost none provide solutions for mitigating
the identified issues. Not only do many approaches neglect urban karst environments
specifically, but they also lack a focused approach that is data-driven and able to capture
short- and long-term changes in groundwater quality as a result of urbanization and the
implementation of best management practices.
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This study presents the first universal, comprehensive toolbox for evaluating
threat, vulnerability, and monitoring statuses for urban karst features. The Urban Karst
Aquifer Resource Evaluation (UKARE) Toolbox is an index-based, data-driven,
adaptable approach that enables the evaluation of urban karst aquifers within a
framework useful for making decisions to develop datasets that can inform policy and
management. A primary factor in the poor protection of karst areas and groundwater
quality are weak policies and regulations protecting karst landscapes and the
groundwater resources associated with them. Karst policies and management plans exist
at multiple levels, from the local to international levels, though most are not designed to
work together. Internationally, there are little to no formal regulations focused on karst
groundwater, but an understanding that regulation is needed to protect resources is
present (Kačaroğlu 1999). Within the United States, there is weak, indirect federal
regulation of karst and groundwater. These federal regulations have instigated karst
preservation and provide some protection, but they are weakly enforced and
responsibility is typically left to the individual state or locality; hence, the UKARE
Toolbox provides such entities with the ability to manage urban karst landscapes in a
manner best suited to their needs.

3.2 Study Area
3.2.1 Urban Karst Landscapes
Urban karst landscapes are complex phenomena in which human development
and natural karst processes intersect. Karst landscapes are home to a quarter of the
world's population, which utilizes these groundwater resources as a global drinking
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water source in both urban and rural areas, in which negative anthropogenic impacts on
groundwater quality are prominent (Ford and Williams 2007; Stevanovic 2018). The
UKARE Toolbox was designed for application in urban areas as defined by the census
tract. An urban karst landscape is a karst landscape that a city or suburb has been
developed on, and where the karst has been altered by, and for, the development of
residential, commercial, and industrial land use. Karst forms in carbonate rocks, such as
limestone, that are easily dissolved by water allowing for the formation of conduits and
passages in the subsurface. The development of an urban landscape above this type of
subsurface introduces several hazards in the form of pollution susceptibility. The
alteration of the landscape not only has a negative impact on the environment, but on
human health as well. Urbanization introduces contaminants to the groundwater system,
which is then used as a drinking water source, in turn allowing humans to pollute their
water resources directly. The threat of urbanization to the quality and quantity of karst
groundwater is increasing rapidly as urbanization worldwide increases and emerging
pathogens are discovered.
Urban development and manufacturing processes can directly introduce
pollutants and biological contaminants into the karst groundwater system, such as
pharmaceuticals, which are responsible for the development of antibiotic resistant
bacteria. Urban landuse also alters karst landscapes in ways that can result in the
development of sinkholes, altered groundwater flowpaths, and a reduction in karst
aquifer levels. Not only does urbanization introduce pollutants, but it is responsible for
the depletion of karst aquifers at a faster rate than they can be naturally recharged by
rainfall due to changing their natural hydrology.
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3.3 Methodology
In order to develop the Urban Karst Aquifer Resource Evaluation Toolbox, an
evaluative, multi-step approach for a management toolbox and decision tree concept for
urban karst groundwater areas focused on the threat, vulnerability, and monitoring
potential of urban karst groundwater features were developed. The Toolbox was
modeled from preexisting indices, but incorporates a data-driven validation of its
effectiveness. After the Threat, Vulnerability, and Monitoring Tools were developed,
they were evaluated using primary data for improvements, in order to determine overall
effectiveness for application in any urban karst setting. Preexisting indices tend to focus
on the threats to a study area, the vulnerability of the study area, or other management
aspects, but the preexisting tools have not incorporated the multiple facets needed to
develop effective management plans focused specifically on urban karst areas. This
study focused on a multi-faceted approach to develop a toolbox to aid in the
development of site-specific urban karst management plans. The three evaluation tools,
Threat, Vulnerability, and Monitoring, can be applied and utilized separately, but the
most accurate analysis of a study area’s management needs is determined by utilizing
the Toolbox as a whole. Each tool is applied to every urban karst feature in order to
determine where to sample, what sampling resolution is needed to capture potential
contaminants, and what suite of parameters to sample in order to develop a site-specific
monitoring and management programs where needed.
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3.3.1 Evaluative Tool Review
The first step in developing a management toolbox for an urban karst setting was
to evaluate the pre-existing indices and evaluation tools. These include the KDI, KSI,
KAVI, EPIK, KSI, COP, GOD, SI, WQI, and DRASTIC approaches (Table 3.1). The
indices were evaluated for existing tools or layers that pertain to urban karst and
groundwater that were applied or modified for the development of the GIS-based urban
karst feature Threat, Vulnerability, and Monitoring evaluation tools of the UKARE
Toolbox. The application processes of these indices were also evaluated to assist in the
development of the geodatabase assessment and overall toolbox, as well as the
evaluation of historical data. The evaluation of preexisting indices also helped determine
their positive and negative aspects, which aided in determining the effectiveness of
current methods, along with what was needed to help develop a better plan for
monitoring and managing urban karst groundwater specifically.
Indices were reviewed and evaluated for their parameters and scoring processes.
The EPIK index is a tool for the evaluation of land use that ranks a single parameter
with a different score. This index contributed to the land use component of the threat
evaluation, which was developed with regards to urban land use specifically. The KAVI
focuses on the vulnerability of the karst aquifer from both physical and human impacts
but is lacking a land use parameter, which was developed from the EPIK index for the
UKARE Toolbox. The KDI and KSI are the most holistic indices and include a large
scope of parameters, which were considered and incorporated into the Threat,
Vulnerability, and Monitoring evaluation tools where appropriate. The scoring system of
the KAVI was the most efficient scoring approach and was adapted as the model for the
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UKARE tools. The KDI and KSI were evaluated for useful and necessary parameters for
an urban karst groundwater monitoring toolbox. The most efficient and necessary
components of these indices, with respect to evaluative studies of the indices and other
historical data, as well as original criteria and scoring methods, were used and adapted to
develop the UKARE Toolbox.

3.3.2 Historical Data Evaluation
In order to create monitoring criteria applicable to different karst regions,
evaluation and analysis of historic and current studies was conducted alongside the preexisting indices evaluation. Analyzing historical data aided in the development of the
toolbox and its application to different settings based on existing knowledge. If no
studies have been conducted in an area, the UKARE Toolbox developed from this study
will help determine what is needed to meet the interest of the stakeholders. The first step
of conducting this phase of the research was to compile all of the historical data
pertaining to iconic and representative urban groundwater and karst terrains. The City of
Bowling Green and Tampa Bay Metropolitan Area were chosen, due to the extensive
data available in those areas on the interactions of urbanization and karst. This included
examining and gathering past and current data, such as Karst Feature Inventories, dyetracing, water quality analyses, monitoring, and overall evaluation of monitoring of the
karst groundwater from local and governmental sources such as USGS, City of Bowling
Green Public Works Department, Southwest Florida Water Management District, and
data from local universities. These data and parameters helped to inform the creation of
the UKARE Toolbox for testing and evaluation.
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In Bowling Green, the data used included studies conducted by Crawford et al.
(1987) and Crawford (1989), nearly a decade of quarterly ambient sampling data from
the City’s Public Works Department, and past studies conducted by faculty and graduate
students from Western Kentucky University. In the Tampa Bay Metropolitan Area, this
included historic data collected from the Southwest Management District, the Florida
Department of Environmental Protection, USGS, and studies conducted by local
universities, including the University of South Florida in Tampa. Once the data were
compiled, they were evaluated with respect to their quality and effectiveness, resolution,
sample parameters, karst features studies, as well as the usefulness for an urban karst
groundwater study. This information was used to assist in developing a comprehensive
threat, vulnerability, and monitoring evaluation criteria.
Past studies suggest that high-resolution sampling is more effective than lowresolution, as well as using groundtruthed data, or self-collected (primary) data, which
usually produce more reliable results than data analysis based on theoretical data or
those collected from multiple or unknown sources (Nedvidek 2014; Milanovic and
Vasic 2015). The historical data were reviewed and the studies were categorized in
accordance with Table 3.2. After the data were reviewed, the studies with the most
reliable data were used as a baseline to develop evaluation criteria relevant to urban
karst groundwater monitoring along with criteria modified from preexisting indices.
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Table 3.2. Baseline for Categorizing Data Evaluations of Past Studies (e.g., Milanovic
and Vasic 2015) Conducted in Urban Karst Regions (Source: Created by Author).

After the data were compiled, they were reviewed and compared to determine
what was lacking in the current monitoring and management plans, and what needs to be
considered for the development of the UKARE Toolbox. For example, an effective
sampling resolution, new features within the karst landscape that are not considered in
previous studies, the presence and influence of injection wells within the city, and the
presence of emerging pathogens within the groundwater system.

3.3.3 UKARE Toolbox Scoring Rationale
The scoring system used for the evaluation tools is derived from systems
developed for the KAVI and KDI. Each feature is given a score for each evaluation
criteria 0-4 and the total score for each site is determined from each criterion’s score.
The scoring system used in the KAVI is user-friendly and eliminated uncertainty with a
concise evaluation using only five scoring options. Preexisting studies, such as the
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KAVI and KDI, utilized a simple scoring system to reduce bias and uncertainty that is
associated with complex scoring systems (van Beynen and Townsend 2005; van Beynen
et al. 2012c). To help reduce bias within the UKARE Toolbox, guidance notes were
developed to accompany the evaluations to help define parameters suitable for the
scoring categories and how to assess a score (Appendix 1). The replication of a userfriendly scoring system for the UKARE Toolbox helps make it usable for all users.
Weights were not given to the evaluation criteria of the UKARE Toolbox, even
though some preexisting indices tend to have weighted scores, because the criteria are
extensive and criteria that are not prevalent to an area are given a score of zero. For
example, features that are not accessible are given a score of zero, which will not
contribute to the overall Monitoring Tool score and eliminates the criterion from the
evaluation without the user having to reconstruct the entire toolbox for the study area. In
order to allow the tools to be adaptable, but comparable, between urban karst
landscapes, criteria not relatable to the study area are given a score of zero. This score
does not affect the overall score of the feature and allows for the UKARE Toolbox score
to be compared between all urban karst areas, and be a universally, adaptable tool for all
urban karst landscapes. In order to develop a universal tool, applicable to all urban karst
landscapes, one criterion could not be determined as more important than another.
The Threat, Vulnerability, and Monitoring evaluations developed within this
study each have a different number of evaluation criteria and a different total overall
score. In order to make the evaluation tools comparable, the final scores for each tool is
normalized from 0 to 100. The total scores of the three evaluations are summed and
normalized again from 0 to 100 to determine the overall score for each urban karst
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feature. The overall score is used for determining the threat, vulnerability, and most
appropriate sampling locations within the urban karst landscape for effective monitoring
and management actions.

3.3.4 UKARE Threat Evaluation Tool Criteria
The purpose of the Threat Evaluation Tool within the UKARE Toolbox is to
evaluate urban karst features for current threats and impacts to groundwater quality. In
order to determine the most effective sampling sites, an understanding of the threats to
groundwater quality within a region is needed. Understanding what is threatening urban
karst features allows for effective and efficient monitoring and management to occur and
protect urban karst groundwater resources. Figure 3.1 presents criteria that are threats to
groundwater reported throughout the literature and from past research that need to be
considered for urban groundwater quality.
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Figure 3.1. UKARE Threat Evaluation Criteria (Source: Created by Author).
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3.3.4.1 Areal Assessment Basis
Urban karst groundwater is threatened by anthropogenic pollutants entering the
aquifer. An understanding of the recharge area associated with a karst feature can help
prevent the introduction of, or allow monitoring for, pollutants (White 1988; Barrett
2018). If the recharge area is known, then a feature has a lower threat than a feature with
an unknown recharge basin. Pollutants can be monitored and mitigated if it can be
determined why they are present at a feature. This criterion is used to distinguish the
area over which the karst feature will be evaluated, and is applied in the same manner to
each of the evaluation tools.

3.3.4.2 Flooding, Stormwater Infrastructure, and Impervious Surfaces
Flooding in karst environments occurs when the precipitation rate exceeds the
maximum aquifer recharge rate and can cause the aquifer to surcharge. In urban karst,
the effects of a flood can be seen immediately, while other times a response will not be
seen for days after a storm event. This is a major threat to urban karst landscapes
because flooding can damage buildings, cause sinkholes to open, and in extreme cases
threaten human life (Livingston and McCarron 1991). If the feature is capable of
flooding, then it has a higher threat than a feature that is not capable. Flooding not only
has a negative impact on urbanization, but also allows for the introduction of urban
pollutants through stormwater features (Vesper et al. 2001). In order to alleviate the
impacts of flooding in urban areas, infrastructure has been developed to divert
stormwater runoff away from them or into engineered storage features.
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In urban karst landscapes, karst landforms such sinkholes, caves, and modified
features, like Class V Injection Wells, are often utilized to move stormwater directly
from the surface to the subsurface to prevent or reduce flooding (Delle Rose and Parise
2010; Shelley 2018). The direct input of stormwater to the karst groundwater system
transports pollutants directly into the groundwater, thereby impacting the quality of the
water. Impervious surfaces also contribute to urban flooding and groundwater
contamination because precipitation is unable to naturally filtrate through soils when
they are covered, which results in first flush events and flash flooding. Pollutants on the
surface are flushed into karst stormwater features and introduced into the aquifer during
these events (Cesin and Crawford 2005). Groundwater is regulated, but protection is not
strongly enforced and as a result there is a presence of contaminants, which threatens
environmental and human health by impacting drinking water resources.

3.3.4.3. Saltwater Intrusion
The threat of saltwater intrusion is applicable primarily to coastal urban karst
landscapes. This is typically the result of depleting the aquifer at a faster rate than it can
be naturally recharged. As the aquifer is depleted through urban activities, such as
irrigation and drinking water usage, or altered runoff and stormwater retention, saltwater
enters the aquifer through coastal springs reversing or the freshwater lens decreasing to
the point where salt and freshwater are mixing. This not only changes the chemistry of
the aquifer, but reduces available drinking water resources for communities relying on
groundwater resources (Morris et al. 2003). Evidence of saltwater intrusion is often
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subtle at first, but this threat is irreversible, thereby making it necessary to monitor and
prevent for the protection of the entire aquifer (Masciopinto and Liso 2016).

3.3.4.4 Pollution Input Proximity
The direct input of pollutants to urban karst groundwater allows for
contamination to occur rapidly and potentially be unnoticed. Pollutants being directly
introduced on site have a greater impact than contaminants introduced further from the
karst feature, which will be naturally filtrated or diluted before being present at the
feature. This indicator is evaluated at the karst feature and is evaluated for absent or >1
km from the feature, within 0.5 km of the feature, or on site.

3.3.4.5 Pesticides/Herbicides
The presence of pesticides or herbicides in groundwater threatens the overall
quality of the water for both the environment and human use (Lerner and Harris 2009;
Groundwater Contamination 2016). These contaminants are typically introduced
through stormwater as residue is rinsed off plants and driveways during storm events. In
urban settings, the use of these harmful pollutants is a high threat to urban groundwater,
as there is little to no natural filtration in urban landscapes, thereby allowing the full
potency of the pollutants to be introduced to the groundwater.

3.3.4.6 Microbiological/Emerging Pathogens
Evidence of emerging pathogens, such as antibiotic resistant bacteria, has been
found in surface and groundwater systems (Agga et al. 2015). The introduction of
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pharmaceuticals and personal care products through leaking sewer lines and other
anthropogenic inputs is allowing for bacteria in the natural environment to become
resistant to antibiotics (Kormos et al. 2011; Peña-Guzán et al. 2019). The CDC (2013)
has ranked 18 emerging pathogens as concerning, serious, and urgent that have been
found in the air, soil, and water in the environment. Infection from antibiotic resistant
bacteria can result in extreme sickness to death.

3.3.4.7 Nutrients
The presence of nutrients, such as nitrate and phosphate, negatively impact and
threaten groundwater quality (Lerner and Harris 2009). The source of these nutrients is
typically fertilizers that are washed off during storm events and into the aquifer, but also
can derive from leaking septic and sanitary sewer lines. High concentrations can result
in harmful algal blooms and the rapid production of other bacteria. Harmful algal
blooms are responsible for depleting dissolved oxygen levels and making the water
inhabitable for organisms and affecting the quality of drinking water resources. Florida
is an example of a region impacted by excessive nutrient levels, particularly nitrates,
which require the implementation of basin management action plans to establish
regulations for nutrient loading. This will aid in preserving the natural quality of the
groundwater and prevent the negative impacts of excessive nutrients from the
environment and human health (Florida Springs and Aquifer Protection Act 2016).
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3.3.4.8 Industrial Pollutants
Industrial pollutants are a threat to the environment and human health in high
concentrations and are typically toxic waste or heavy metals (Vesper et al 2003; Lerner
and Harris 2009; Tao et al. 2012; Groundwater Contamination 2016). There are
regulations for the disposal of industrial pollutants, but illicit discharges and leaking
waste systems can introduce these pollutants to groundwater, which is not regulated in
the same manner as surface pollutants (Clean Water Act 1972). Industrial pollutants are
a high threat due to the concentration of the pollutant being introduced to the aquifer.
These high concentrations are not diluted and can contaminate large portions of the
aquifer. Not only are the concentration levels threatening, but the pollutants can be toxic
and threaten both the natural environment and drinking water resources.

3.3.4.9 Urban Landuse and Traffic
Urban landuse is one of the greatest threats to urban karst groundwater because
of the variety of pollutants that are introduced to the groundwater through anthropogenic
practices (Foster et al. 1998; Vesper et al. 2003; Hatt et al. 2004; Daesslé et al. 2009;
Guo et al. 2010; Butscher 2011; Lerch 2011; Afsharnia et al. 2017; Jiang et al. 2018;
Doummar and Aoun 2018; Saint-Loup et al. 2018; Panno et al. 2019; Peña-Guzmán et
al. 2019). Recreational landuse is the least threatening, but it still has negative impacts
on groundwater quality. Trash left by recreationist can be washed into the groundwater
and impact quality. Recreationists altering the natural landscape by creating trails,
introducing oil pollutants with the use of off-road vehicles, and generally altering the
natural setting of the feature can also impact natural urban karst sites. Residential land
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use negatively impacts groundwater quality by straining the resources of the aquifer,
introducing contaminants through leaking septic lines and altering the natural
composition of the drainage, which can result in sinkholes and other collapses.
Commercial landuse also strains the resources of the aquifer, and can introduce
pollutants through stormwater runoff from impervious surfaces. These surfaces collect a
larger quantity of potential pollutants to the groundwater system, since the area is
frequented by a higher traffic than a residential area. Industrial landuse threatens the
groundwater quality by introducing toxic pollutants, including light nonaqueous phases
liquids (LNAPLs) and dense nonaqueous phases liquids (DNAPLs), in high
concentrations that contaminate large portions of the aquifer and threaten human health
(Vesper et al. 2003). The roads and traffic associated with landuse type also threaten the
quality of groundwater in urban karst landscapes. Karst features affected by recreational
roads, such as gravel or dirt, have the lowest level of threat. These surfaces are
permeable and are not impacted as easily by stormwater during first flush events.
Residential roads introduce pollutants, such as oil and grease and metals, primarily
during storm events and the first flush of stormwater into the karst system. This type of
road commonly has stormwater drainage features that directly introduce runoff into the
groundwater, potentially causing a large pulse of contaminants to impact groundwater
quality. Highways introduce similar pollutants from vehicles, but at a higher
concentration due to the higher density of traffic. This category of urban karst
groundwater threats has a variety of impacts on the quality of groundwater defined as
urban inputs.
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3.3.4.10 Population Density in Basin
The overall population relying on groundwater resources and introducing
pollutants to the system determines the level of threat to which the groundwater is
exposed. Urban areas with a lower population typically have a lower threat to quality
than an urban area with a large population, because there are less anthropogenic impacts
and strains on the groundwater resources. The larger the population, the more
infrastructure and potential impacts likely exist. There is also a greater strain on
groundwater resources in areas with larger populations, because more resources are
used, which increases the threat to the overall quality of the groundwater due to
concentrating pollutants and reducing supplies.

3.3.4.11 Sedimentation/Erosion
Evidence of sedimentation or erosion at the karst feature can negatively impact
the groundwater quality by introducing sediments; there is evidence of a positive
correlation between sediments and bacteria (Vesper and White 2003). When storm
events cause the groundwater system to flush out residing sediments, spikes of bacteria
occur and negatively impact water quality for human health. Sedimentation and erosion
in urban karst features are also indicators of the karst feature being altered through
anthropogenic impacts, such as development and landuse change. The alteration of these
features can negatively impact aquifer recharge if the feature becomes clogged by
sediments, which can result in urban flooding and groundwater contamination.
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3.3.4.12 Visible Pollutants
Visible pollutants, such as trash, debris, and decaying vegetation, have a negative
impact on the overall quality of the groundwater. This criterion is evaluated on-site,
regardless of the areal assessment basin criteria chosen. The collection of primary data
through field evaluation allows for the karst feature to be evaluated in real-time and
observe impacts that cannot be implied from preexisting data. Visible pollutants can
impact the water quality of the particular feature, as well as the entire aquifer, but their
presence can only be determined from a thorough visual evaluation.

3.3.4.13 Fuel-related Chemicals
Fuel-related chemicals can be a byproduct of vehicles or fueling stations that can
affect the quality of water. LNAPLs, such as oil and grease products, do not homogenize
with water, thereby allowing them to float on the surface and move through the system
rapidly (Vesper et al. 2003; Lerner and Harris 2009; Groundwater Contamination 2016).
The presence of vehicles or fueling stations near a karst landform, or within the recharge
basin, increases the potential threat of contamination to the urban karst aquifer.

3.3.4.14 Feature Modifications
Development is a byproduct of urbanization that alters the natural landscape and
can impact the natural environment and natural processes, such as groundwater
movement. The modification of natural landforms into tourist attractions or stormwater
drainage features alter the original flowpaths, ecosystems, and overall quality by
exposing the feature to urban contaminates such as trash and septic waste (Vázquez76

Suñé et al. 2005). The re-direction and alteration of groundwater flow effects the entire
groundwater system and the development of the natural features expose the groundwater
to new threats from urbanization. Landforms that have been modified are more
threatened by urbanization and anthropogenic impacts than those remaining in a natural
or semi-natural state.

3.3.4.15 Nonpoint and Point Source Pollution
Nonpoint source pollution poses a threat to urban karst groundwater because it is
difficult to prevent or remediate a pollutant that cannot be sourced. Nonpoint source
pollutants can be pharmaceuticals and personal care products from leaking septic lines,
or stormwater, for example. Point source pollutants are pollutants that can be traced to
the source, such as sewage treatment plants and industrial plants. Point source pollutants
are easier to remediate once the source is found, but still poses a threat to water quality.
The presence of nonpoint and point source pollutants is typical of urban environments
due to infrastructure and anthropogenic practices (Lerner and Harris 2009; Jiang and
Yan 2010; Jin et al. 2018; Natural Resource Division 2018; Varade et al. 2018). These
pollutants impact nearly all karst features, and the groundwater can move the pollutant
through without detection at typical sampling resolutions, due to rapid inputs, making
the presence of nonpoint and point source pollutants threatening to groundwater quality
in urban karst areas.
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3.3.4.16 Underground Storage Tanks
Underground storage tanks are used to store petroleum products and natural
gases in both commercial and residential areas. They are regulated through the Resource
Conservation and Recovery Act (1976), but implementation and enforcement are still
underway. Leaks and decay of the tanks result in the introduction of these pollutants to
the karst system and the groundwater. Found in all urban areas, the slow and continuous
introduction of harmful pollutants from these sources is a constant threat. The impact of
the storage tanks can go unnoticed and impact the aquifer for years before remediation
occurs, if at all, in karst areas.

3.3.4.17 Landfill Proximity
Active and inactive landfills can introduce leachate and other pollutants into the
system, which can consist of a variety of toxic chemicals. There is monitoring required
for solid and hazardous waste through regulations, such as the Resource Conservation
and Recovery Act (1976), National Pollutant Discharge Elimination Systems (Clean
Water Act 1972), and the Toxic Substance Control Act (1976), but impacts still occur.
Landfill sites are present in most urban areas and, regardless of remediation efforts, they
still can have a negative impact on urban groundwater.

3.3.5 UKARE Vulnerability Evaluation Tool Criteria
The purpose of the Vulnerability Evaluation Tool within the UKARE Toolbox is
to determine which features have the potential to be threatened by urbanization, but may
not be currently impacted. A vital step in determining the most effective sites for
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monitoring is considering future impacts. Urban karst groundwater can only be properly
managed if future impacts of growing urban regions are considered. Karst groundwater
needs to be protected from current and future impacts, which is why it is necessary to
incorporate the Vulnerability Tool. Figure 3.2 presents criteria that have been considered
from a variety of vulnerability indices, with respect to urban karst groundwater, and the
incorporation of threat and monitoring evaluation of a feature.
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Figure 3.2. UKARE Vulnerability Evaluation Criteria (Source: Created by Author).

80

3.3.5.1 Geology and Land Cover
Karst landscapes are comprised of carbonate geology that allows for the
development of the subterranean karst landscape and features such as conduits, springs,
and sinks that are visible on the surface. Areas comprised of carbonates are more
vulnerable to urbanization than areas that are non-carbonates, or a combination of the
two, because of the close proximity of the karst to the surface. Carbonate areas can be
affected by development overburdening the underground landscape and resulting in
sinkholes, flooding, and groundwater contamination due to the thin soils and open voids
in the subsurface, weakening the stability of the surface. The groundwater of a feature,
or a feature's basin, will have varying levels of vulnerability to the impacts of
urbanization depending on its geological composition, which is why this evaluation
criterion was included in the tool.

3.3.5.2 Biota
The presence of biota can be used to evaluate the vulnerability of a karst feature
and the groundwater associated with it. Karst features with biota present within the cave
and at the surface of the feature are more vulnerable to contamination and erosion than
features without biota. Due to the nature of karst, biota contributes to the development of
karst through carbonic acid developed from the natural decay of vegetation on the
surface and within the cave system, and the absence of vegetation can reduce this
process (Harding and Ford 1993; van Beynen and Townsend 2005). The absence on the
surface also reduces the thickness of soil, which naturally filtrates water as it moves
from the surface to the subsurface reducing pollutants. The presence of biota is also an
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indicator of the overall quality of a feature because organisms will not inhibit or utilize a
feature that is highly contaminated. Biota is used in this evaluation as a general indicator
of the vulnerability of the groundwater as a result of anthropogenic impacts.

3.3.5.3 Hydrologic Connectivity
The hydrologic connectivity of one karst feature to another impacts the
vulnerability of the groundwater as the water moves through the groundwater system.
Features that are not directly connected to another feature, such as sinkholes, are less
likely to move pollutants throughout the entire aquifer. Features that are directly
connected, such as a complex of springs, are more likely to spread pollutants throughout
the entire groundwater system impacting a large portion of the aquifer. Groundwater
moves rapidly through the karst system and the presence of pollutants can be missed at
low-resolution monitoring, making features that are more directly hydrologically
connected more vulnerable to rapid contamination of urban pollutants than features that
are not directly connected. The features not directly connected have a lower
vulnerability, because the contaminant is less likely to spread throughout a large portion
of the aquifer and the impact can be localized.

3.3.5.4 Water Usage
Karst features contributing to drinking water resources have a greater impact on
human health, indicating that these features are more vulnerable to urban pollution
effecting the quality and safety of drinking water. This criterion is concerned with the
impacts groundwater quality can have on human health when considering a feature’s
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vulnerability. Groundwater that is used for irrigation, or other non-health related uses, is
still vulnerable to the impacts of urbanization, but the quality of the water is not vital to
human health, which is why the UKARE Toolbox considers features utilized for
drinking water as more vulnerable than features that are utilized for other purposes. All
types of uses factor in to the vulnerability assessment criterion and are vital to the
development of effective urban karst groundwater management plans.

3.3.5.5 Protected by Regulation and Other Approaches
There is little to no regulation for karst groundwater nationally. There are
stronger regulations internationally for groundwater, but there is still little consideration
for urban karst groundwater. The federal government in the United States has
implemented minimal consideration for groundwater in the Clean Water Act (1972) and
the Safe Drinking Water Act, but not for urban karst groundwater specifically.
Groundwater protection, especially in karst, is left up to state and local governments,
which can implement stricter regulations, but are only required to match federal
regulations. Karst features that are regulated beyond federal regulation typically have
stricter water quality standards and are less vulnerable than features that are not
regulated and monitored. The level of regulation and enforcement programs influence
the vulnerability of water quality and are included in this criterion. Along with
legislative protection, features can be protected by fences, best management practices,
public education, awareness, etc., which reduces the vulnerability of the feature
compared to a feature that has no legislative or other forms of protection from urban
pollutants or contamination.
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3.3.5.6 Previous Impacts
Previous impacts, such as industrial spills, historic dumping, and other impactful
activities alter the feature and groundwater quality even after the impact occurs. Features
that have a record of being impacted are more vulnerable than features that have not,
because the location of the feature is known and it is exposed to continual degradation.
Previously impacted features are also more vulnerable because the remnants of the
impact, such as an oil spill, can have a negative impact on the feature for years to come.
The purpose of this criteria is to score features that have been impacted so that the
development of site-specific management plans may take into consideration features that
are already contaminated and need to be remediated to ensure the protection of the urban
groundwater resources.

3.3.5.7 Direct Aquifer Connection
A feature is connected to the aquifer if its inputs or outputs are directly from the
aquifer system, such as springs and karst windows. The direct connection allows for
pollutants to be introduced to the groundwater system and move throughout the aquifer
contaminating other features within the system. This connection allows a pollutant to
affect more than one area of the aquifer and can move a pollutant through the system
without detection, impacting both environmental and human health, making it important
to incorporate this vulnerability in the evaluation.
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3.3.6 UKARE Monitoring Evaluation Tool Criteria
The purpose of the Monitoring Evaluation Tool within the UKARE Toolbox is to
evaluate a feature's monitoring potential for all aspects of groundwater monitoring that
meet the needs of the interested stakeholders, including grab sampling for site specific
monitoring, high-resolution data loggers for general geochemistry, water level
monitoring, water quality parameters, and other approaches to groundwater monitoring
that meet the needs of the stakeholders. It is necessary to determine if a feature is
suitable for monitoring or not due to accessibility, or overall site characteristics, in order
to effectively monitor urban karst groundwater. In order to select to most appropriate
sites for monitoring, it is vital to consider the criteria presented in Figure 3.3 using the
designated scoring system.
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Figure 3.3. UKARE Monitoring Evaluation Criteria (Source: Created by Author).
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3.3.6.1 Flowing
The indication of flowing water at a feature indicates its potential for monitoring.
High-resolution sampling is often the most effective resolution for karst groundwater
quality monitoring, due to the quick moving nature of water in the karst system. If water
is flowing through a feature, such as a spring, monitoring at a continuous resolution is
possible. Features that are not flowing, such as sinkholes, can stagnate and the water
quality may not be an accurate representation of the entire groundwater systems quality.
Pollutants also move through flowing features, which is why it is necessary to monitor
these features prior to non-flowing features in order to capture the pollutants moving
throughout the system that cannot be captured with low-resolution sampling.

3.3.6.2 Water Present
The constant presence of water at a feature allows for effective monitoring of
groundwater quality with high-resolution sampling and even real-time monitoring.
Features with water constantly present are better suited for consistent monitoring of the
system. Features that do not have water present constantly, such as sinkholes, are best
suited for storm sampling and other spot sampling, but they do not provide a continuous
report of the water quality, which is necessary for effective monitoring and management.

3.3.6.3 Flows to Surface Stream
Features that flow to the surface, such as springs and resurgences, are often an
easy access point for monitoring groundwater quality. These features are typically better
suited for monitoring than underground access points, because they are more efficient to
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access, safer, and require less infrastructure and coordination. These sites also provide
monitoring at locations directly influencing surface water sites, which are usually under
regulatory protection and sensitive to pollutant inputs.

3.3.6.4 Flood Monitoring
Features that are monitored for flooding have observations and other preexisting
data that can be used to determine how flooding impacts and alters the system in order to
track pollutants. Flooding alters the normal flowpaths and velocity of the groundwater,
which influence how pollutants are moved throughout the system. Features with
established flood monitoring allow for more efficient monitoring because pollutants can
be traced throughout the groundwater system and impacts can be predicted in order to
prevent negative effects to environmental and human health.

3.3.6.5 Discharge/Water Level Monitoring Required
Features that are required to have monitoring of discharge or water level data as
a result of legislation or otherwise are suitable for monitoring, because data are required
to be collected and utilized in the development of management plans and calculating
pollutant loadings. Scientific data can be used to further advance the policy and aid in
the overall protection of groundwater resources; for example, discharge data are needed
for the development of Total Maximum Daily Loads and can contribute to establishing
other pollutant limits. Features that are required to be monitored will be given a higher
score for this criterion because the feature is already being monitored and any additional
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monitoring will not be an extensive burden on an interested stakeholder, at the same
time continuing to improve the quality of the groundwater.

3.3.6.6 Discharge Data
The collection of historic and current discharge data can be used to calculate
pollutant loadings and further interpret water quality data. Features that have current or
historic discharge data aid in effective monitoring and management of groundwater
more than features that do not. Discharge data are necessary when setting regulatory
limits for pollutants for a feature of the groundwater system, making features with this
resource more suitable for monitoring implementations.

3.3.6.7 Known Inputs, Delineated Basins, and Dye-traced
Understanding the surface and subsurface inputs and connections of the karst
groundwater system aids in the development of effective management plans. A feature
with a defined recharge basin is more conducive to monitoring as all, or nearly all,
inputs are accounted for and can be monitored. Features that have defined groundwater
flowpaths are also more suitable for monitoring, because pollutants can be traced and
sourced as they move through the system. Features with only surface basins defined are
suitable for surface feature monitoring, but pollutants cannot be traced throughout the
underground system, which affects the capability of monitoring groundwater quality.
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3.3.6.8 Potential Storm Sampling Site
Urbanization negatively impacts groundwater quality by introducing pollutants
during storm events through the first flush. The first flush typically has the greatest pulse
of pollutants, which is moved rapidly throughout the karst system. The rapid impulse of
stormwater to the system also flushes stored water, and pollutants associated with it,
through the system. The most effective way to capture these pollutants is through storm
sampling at viable sites (Nedvidek 2014). When considering this criterion, the feature is
evaluated for accessibility and potential stormwater inputs, such as drainage features and
urban runoff that capture immediate storm inputs. Features suitable for storm sampling
contribute to groundwater management and it is necessary to consider this criterion for
effective monitoring practices.

3.3.6.9 Site Monitoring Applicable
The purpose of this criterion is to determine if the monitoring evaluation is
applicable to the feature. If the feature does not have water present at any period then it
is not necessary to apply the UKARE Toolbox, because the feature cannot be used as a
monitoring site. This criterion allows for the feature to be included in the karst feature
inventory, but also indicates why the feature was not evaluated with the toolbox in order
to prevent oversight of a feature and to include it in future applications in case
conditions change that could impact monitoring potential.
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3.3.6.10 Sampling Permit Required
Regulations on water sampling vary from the international to the local level from
complete access to water resources, to limited or no access. In the state of Florida, the
water is owned by everyone, but features within state parks, such as springs, are required
to have a permit for taking samples. In other states, such as Kentucky, if the area is
classified as an MS4, then city officials may have complete access to private and public
land. It is possible to coordinate monitoring of regulated features and features within
privately owned land, but this can pose challenges if regulations or landowner
relationships change. This criterion is necessary to consider when selecting monitoring
sites and what will be needed to access the site.

3.3.6.11 Regulatory Monitoring Required and Monitoring Data Resolution
Features that require monitoring by regulation are more suitable for future
monitoring plans, because infrastructure and sampling plans are likely already in
practice. Adding to existing monitoring, or increasing sampling resolution, requires less
time and cost at a feature that is already established versus developing a sampling
protocol for a new feature not currently being monitored at all. It has been established
that high-resolution sampling is likely necessary to effective capture pollutants in the
karst groundwater system (Nedvidek 2014) and features that are currently monitored
using this resolution are best suited for monitoring urban karst groundwater.
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3.3.6.12 Historical Data, Available Precipitation Data, and Water Level Data
Preexisting data help establish monitoring programs because the characteristics,
movement of groundwater at the feature, and problem contaminants are documented,
thereby making it easier to establish sampling parameters and locations for the study
area and what parameters need to be focused on primarily. These data can be obtained
from the federal to the local level through NOAA (National Oceanic and Atmospheric
Administration), USGS (United States Geological Survey), and local entities such as
public works departments. The availability of these data for a feature makes it more
suitable for monitoring than a feature that will need preliminary data collected to
develop a general profile of it. Features without preexisting data can exhibit
groundwater quality issues, but the UKARE Toolbox is designed to aid in the
development of site specific management plans and remediating preexisting issues is an
ideal start to overall remediation. These criteria aid in management planning by focusing
on what is already known about the study area and utilizing those data to create
informed management.

3.3.6.13 Accessibility
A feature can only be monitored if it is accessible, which is why this criterion is
included in the evaluation. Features that can be accessed without land use agreements
are the easiest to monitor because only the primary stakeholders are involved. Features
that are partially accessible because they are fenced off, or on private property, require
the cooperation of multiple stakeholders in order to have access, which can become a
problem if access is denied, making these features unsuitable. Features that cannot be
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accessed due to dangerous conditions, or lack of permission, are not suitable for
monitoring and are scored appropriately.

3.3.7 Guidance Notes
In order to prevent bias and user confusion when applying the UKARE Toolbox,
guidance notes were developed as a part of this study to aid in the scoring of features
(Appendix 1). One goal of the UKARE Toolbox was to be user-friendly for users with
any level of experience to help further understanding of urban karst groundwater by
simplifying the data collection. The guidance notes provide general information and
guidelines for the scoring of each criterion in order to ensure understanding and
consistent scoring. Another goal of the UKARE Toolbox is to be a universal tool that
can be utilized to compare urban karst study areas, unlike current evaluation tools that
produce different results from the same area, which is a weakness of the current tools.
The guidance notes were designed to prevent bias and allow the scoring to remain
consistent between users and study areas. With future studies, the guidance notes can be
improved, along with the UKARE Toolbox, in order to further usability and
effectiveness of the tool for any interested party. Monitoring features can be selected
from high and low scoring features to meet the interest of stakeholders and consist of
broad or tightly grouped monitoring sites. Monitoring plans can be developed based on
priority of features, geography, etc., but features in close proximity with similar UKARE
scores can provide a similar idea of the groundwater quality in that area and broader
sampling locations can provide a better representation of the aquifer. The UKARE
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Toolbox is only an aid for managers and their own judgement and management
priorities will be needed for selecting final monitoring locations and plans.

3.3.8 Compilation of UKARE Toolbox Scores
After study areas are evaluated and each feature is given a score of zero through
four for each criterion, the data are exported from ArcGIS online into Excel. The data
are then processed by scoring missing information for the evaluation criteria, such as
monitoring resolution, discharge measurements, and any other criteria that were not able
to be determined in the field. Data used to complete data gaps can be compiled from
USGS Water Watch, Departments of Environmental Protection, SCADA systems, other
state and local entities, along with current and historical data associated with the study
area. After the data are processed, the scores for Threat, Vulnerability, and Monitoring
tools can be calculated separately by summing the score given to each criterion for each
feature within each of the evaluation tools. The three tools do not have an equal number
of evaluation criteria and the total score for each feature is not comparable between the
tools without standardizing the scores. The highest score a feature can receive from the
Threat Tool is a total score of 96, in the Vulnerability Tool a feature can have a total
score of 36, and in the Monitoring Tool a feature can have a total score of 76. In order to
compare the tools and make the score meaningful and user friendly the features
individual scores within each tool can then be standardized to a score of 0-100 by using
the following formula:
("#$%&%$'() +,(-'., / 0 12-() 342., − 1ℎ, 7%#%8'8 9()', 2: ()) +,(-'., / 0 12-() 342.,)
∗
(1ℎ, 7(<%8'8 9()', 2: ()) +,(-'., / 0 12-() 342., − 1ℎ, 7%#%8'8 9()', 2: ()) +,(-'., / 0 12-() 342.,)

100

(Eq. 3.1)
94

Then, the separate scores for each tool are added together, with a possible total of 300,
and standardized again to 0-100 in order to determine the final, total score for each
feature with consideration to the three tools. Figure 3.4 is an example of the final scores
for each tool and the overall UKARE Toolbox score.

Figure 3.4. Example of the UKARE Tools and Toolbox Scoring (Source: Created by
Author).
The features can then be ranked and classified according to the scoring matrix
(Table 3.3), where the high scoring features have a greater need for management in
order to protect groundwater resources due to the evaluated threats and vulnerabilities
and are considered the most suitable as monitoring sites according to the UKARE
Toolbox. Features given a score range of Urgent need to be priority for monitoring and
management because the feature is currently impacted by threats to groundwater, has the
greatest potential for impacts, and can be easily monitored to begin remediation.
Features given a score of High also need management and are already negatively
impacted by urbanization. When developing management plans with the incorporation
of monitoring the Urgent and High score range features should be prioritized and
incorporated into the needs and available resources of the interested stakeholders.
Features given a score of Moderate are impacted by urbanization, but the water quality
is not detrimental to the environment or human health. These features can still benefit
from monitoring and management, but are not as high of a priority for overall
95

groundwater protection. The features given a score of Low also have evidence of
urbanization, but are mostly likely not directly impacted by urbanization. These sites are
not greatly impacted and the water quality of the features is not of major concern or need
for a plan.
Table 3.3. UKARE Toolbox Scoring Indicators (Source: Created by Author).
Score Range
0-25
26-50
51-75
76-100

Indicator
Low
Moderate
High
Urgent

3.3.9 Usefulness of the UKARE Toolbox in an Applied Example
Using an evaluation toolbox is a new approach to managing urban karst
groundwater that takes the most effective components of existing indices, monitoring
plans, research, regulations, and management options and combines them into a single
system for application and evaluation. The UKARE Toolbox scoring can be used to help
guide the steps in prioritizing and designing monitoring and management approaches,
which is important when developing ways in which data are collected and used for
management of urban karst groundwater impacts.
Tools for monitoring groundwater exist, but they do not specifically target urban
karst groundwater (Bartram and Balance 1996; Onorati et al. 2006; Polemio et al.
2009b; Pandey et al. 2011; NGWMN 2013; Milanovic and Vasic 2015). Primary and
secondary data, along with the data collected within this study, can be applied to guide
managers and scientist in evaluating urban karst and determining monitoring sites by
establishing planning using the scoring system (e.g., see example in Figure 3.5). When
conducting the evaluation of the overall scores for a feature, stakeholders should
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consider current regulations and resources, with a primary focus on the need for data and
how best to collect and use it toward improved management.
The UKARE Toolbox is divided into universal categories, wherein a decision
tree style “if-then” flow chart can be created for each feature to meet the needs of
stakeholders when determining management priorities and options. The goal of the
developed Toolbox is to assist decision-makers to not only understand the impacts and
responses of urbanization to karst groundwater, but monitoring it appropriately and
efficiently, based on their needs and abilities. The UKARE Toolbox incorporates the
many facets needed to develop management plans, but the Tools can be utilized
individual to meet the stakeholder’s needs. Current evaluation tools and indices indicate
that issues are present, but they typically do not suggest how to monitor or manage
issues in urban karst settings. The development of a customized decision support system
based on the UKARE scoring bridges the gap between the indices and current
regulations by allowing resource managers a method to make objective, data-driven
decisions for each karst feature under their management.
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Figure 3.5. Example of Decision Tree Developed from UKARE Scores to Manage
Features (Source: Created by Author).

3.4 Discussion
3.4.1 Threat Evaluation Tool
The Threat Evaluation Tool was created to determine the level of threat a karst
feature is subjected to within an urban landscape. The criteria for evaluation included
within this tool were collected from preexisting indices and historical data focusing on
threats to karst and groundwater, as well as the threats associated with urbanization. This
tool is one of the three tools created for the UKARE Toolbox, in which all three tools
are needed to develop effective monitoring and management plans. It can stand alone
and be utilized to evaluate an urban karst landscape for the most threatened karst
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groundwater features, but its main purpose is to consider which threats need to be
recognized within a study area for the development of a site-specific monitoring plan.
The Threat Evaluation Tool determines what current impacts of urbanization the feature
is impacted by and incorporates that aspect of management needs in the overall UKARE
Toolbox scoring.
Guidance notes are provided to help the user to consistently apply the tool, but
human bias cannot be completely eliminated from an evaluation tool. Some criteria that
can have bias include saltwater intrusion, population density in a basin, and emerging
pathogens, because primary data are often needed to remove bias and confirm these
impacts. Utilizing the guidance notes, along with a general understanding of common
groundwater pollutants, a score can be given for these criteria that can be confirmed
through primary data collection. Threat criteria that do not apply to a feature are given a
score of zero, in order to prevent those criteria from impacting the overall score. For
example, coastal urban karst regions will be impacted by saltwater intrusion and the
scoring system will reflect that in the final score, but non-coastal urban karst regions are
not impacted by saltwater intrusion and are given a score of zero, which will not
contribute to the final score. A feature's final score is not impacted by a zero, because
the final score for a feature includes all criteria evaluated and a criterion given a zero
does not impact the final score, allowing it to be excluded without altering the entire
tool. This is a user-friendly approach that does not require the user to perform statistical
analysis when processing the results.
The Threat Evaluation Tool has the most evaluation criteria out of the three
tools, but the score of each tool is standardized from 0 to 100 in order to prevent one
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tool from outweighing another when combined for the UKARE Toolbox total score. A
threat score between 0 and 25 is low if a feature has little to no impacts from
urbanization, and does not need to be considered in the development of monitoring or
management plans. A threat score between 26 and 50 is considered moderate because
the feature is impacted enough to be incorporated into a management plan, but the plan
does not require extensive monitoring. A threat score between 51 and 75 is high because
the feature is impacted by urbanization and its score will not decrease without
implementing a monitoring and management plan to reduce impacts. A threat score
between 76 and 100 is urgent because the feature is impacted to the point where an
extensive monitoring and/or management plan needs to be implemented immediately.
Scientists, land managers, or anyone interesting in determining the threat to karst
features within an urban karst landscape can apply the Threat Tool. The Tool is a single
aspect that needs to be considered when developing management plans, because karst
landscapes are unique and a custom management plan is often needed for each area.
Evaluating and understanding the current impacts of an area are necessary to develop an
effective monitoring and management plan.

3.4.2 Vulnerability Evaluation Tool
The Vulnerability Evaluation Tool is designed to determine the level of
vulnerability a karst feature is subjected to within an urban landscape. The criteria for
evaluation included within this tool were also derived from preexisting indices and
historical data focusing on the vulnerability of karst and groundwater as a result of
urbanization. It can stand alone and be utilized to evaluate an urban karst landscape for
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the most vulnerable karst groundwater features, but its main purpose is to consider
which vulnerabilities need to be recognized within a study area for the development of a
site-specific management plan. The vulnerability tool determines what potential impacts
of urbanization could impact the aquifer and incorporates that aspect of management
needs in the UKARE Toolbox.
Guidance notes are also provided to help the user consistently apply the tool, but
human bias cannot be completely eliminated from an evaluation tool. Some criteria that
can have bias include water usage, previous impacts, and direct aquifer connection
because groundwater is difficult to trace throughout the system, even with dye-traced
flow paths, so connectivity cannot always be determined for features such as sinkholes.
Drinking water sources cannot always be determined, due to the safety issues preventing
that information from being publically available. It is also difficult to determine previous
impacts of a feature if the user is not familiar with the study area and its history.
Utilizing the guidance notes and a general understanding of the study area, a score can
be given for these criteria that can be confirmed through historical data collection and
research. In the same manner, as the Threat Tool, vulnerability criteria that do not apply
to a feature are given a score of zero in order to prevent those criteria from impacting the
overall score negatively compared to other scored features.
The Vulnerability Evaluation Tool has the least evaluation criteria out of the
three tools, but the score of each tool is standardized from 0 to 100 in order to prevent
one tool from outweighing another when combined for the UKARE Toolbox total score.
A vulnerability score between 0 and 25 is low because if a feature has little to no
potential for impacts from urbanization. A vulnerability score between 26 and 50 is
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considered moderate because a feature has a slight potential to be impacted by
urbanization, but not to a detrimental point and needs to be incorporated into a
monitoring and management plan, but the feature will not be an extensive part of the
plan. A vulnerability score between 51 and 75 is high because the feature’s potential to
be impacted by urbanization is high and the feature is likely to be impacted unless a
management plan is implemented. A vulnerability score between 76 and 100 is urgent
because the feature’s potential to be impacted is inevitable and an extensive
management plan will be needed immediately to prevent impacts.
Scientists, land managers, or anyone interesting in determining the vulnerability
of karst features within an urban karst landscape can apply the Vulnerability Tool, just
like the Threat Tool. The Tool is one aspect of the whole that needs to be considered
when developing management plans because karst landscapes are unique and a custom
management plan is needed for each landscape. Evaluating and understanding the
potential impacts of an area are necessary to develop an effective management plan.

3.4.3 Monitoring Evaluation Tool
The Monitoring Evaluation Tool was created to determine how suitable a karst
feature is for monitoring within an urban landscape. The criteria for evaluation included
within this tool were developed with the consideration of historic and current monitoring
programs for karst and groundwater, as well as experience through existing case studies.
It can stand alone and be utilized to evaluate an urban karst landscape for the potential of
monitoring karst groundwater features, but its main purpose is to assist in providing
criteria to be considered within a study area for the development of a site-specific
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monitoring and management plan. The Monitoring Evaluation Tool determines which
features can be monitored and are the best suited for a variety of sample resolutions.
Guidance notes are provided to help the user consistently apply the tool, but
human bias cannot be completely eliminated from an evaluation tool. Some criteria that
can have bias include potential storm sampling site, and accessibility, because these
criteria are determined by the users' experience in the field and overall capabilities. This
tool has a few criteria that are difficult to evaluate in the field pertaining to historic data
if the user is not familiar with the area. Additional research needs to be conducted
outside of the field to score those criteria. Utilizing the guidance notes and a general
understanding of the study area, a score can be given for these criteria that can be
confirmed through historical data collection and research. In the same manner, as the
threat and vulnerability tools, monitoring criteria that do not apply to a feature is given a
score of zero in order to prevent those criteria from impacting the overall score.
The Monitoring Tool has fewer criteria than the Threat Tool and more evaluation
criteria than the Vulnerability Tool, but each Tool's score is standardized from 0 to 100,
in order to prevent one from outweighing another when combined for the UKARE
Toolbox total score. A monitoring score between 0 and 25 is low because if a feature is
not suitable for monitoring and does not need to be incorporated into management
planning. A monitoring score between 26 and 50 is considered moderate because the
feature could be utilized as a monitoring site, but it is not the most ideal location. A
monitoring score between 51 and 75 is high because the feature would be an effective
monitoring site for urban karst groundwater monitoring and contribute to an effective
management plan. A monitoring score between 76 and 100 is urgent because the feature
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is vital for the development of an efficient and effective management plan in order to
properly monitoring urban karst groundwater for pollutants and other impacts.
The Monitoring Tool, just like the Threat and Vulnerability Tools, can be applied
by scientists, land managers, or anyone interesting in determining the suitability for
monitoring of karst features within an urban karst landscape. Site selection is vital for
proper management in karst because of the rapid transfer of pollutants throughout the
system with the groundwater flow. Evaluating and understanding the potential
monitoring capabilities of an area are necessary to develop an effective management
plan. The application of this tool aids in determining which sites have the potential to be
monitored, but the tool is another aspect of the whole that needs to be considered when
developing management plans, because karst landscapes are unique and a custom
management plan is typically needed for each landscape.

3.4.4 UKARE Toolbox
The Toolbox was created as three separate tools to provide user-friendly
evaluation options. The vast number of criteria considered in developing this
management toolbox was categorized into separate tools in order to prevent confusion
and bias among users. The tools are applied individually, or can be applied stand alone,
to determine the overall threat, vulnerability, or monitoring capacities of urban karst
features, in order to meet the varying interest of stakeholders. The UKARE Toolbox was
designed to include and evaluate criteria that need to be considered when developing
monitoring and management plans for urban karst groundwater, with flexibility to adapt
to settings as needed by adding or not using criteria. The use of the entire UKARE
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Toolbox provides for a holistic and effective basis from which the evaluation of karst
features can occur for developing these plans in a consistent manner over time at the
same locations.
The UKARE Toolbox scoring system ranks karst features that have been
impacted, have the potential to be impacted, and are the most suitable for monitoring to
capture the impacts of urbanization on karst groundwater. A total UKARE Toolbox
score between 0 and 25 is low because the feature scored the lowest across all three
tools, indicating that they are the least in need of protection, monitoring, or management
plan. The low scoring range indicates that these features are not in a highly urbanized
area of the city, are already protected through regulation or other community activities,
or have a small recharge basin that lowers the potential for harmful impacts. A total
UKARE Toolbox score between 26 and 50 is moderate because the feature would
benefit from a monitoring and management plan to ensure the protection of the feature
and its groundwater quality. This score indicates that the features are affected by
urbanization, but may already be under protection or are not exposed to all potential
urban impacts. They would benefit from a management plan but are not considered top
priority when selecting sites most in need of restoration and protection. A total UKARE
Toolbox score between 51 and 75 is high and indicates the feature is greatly impacted by
urbanization and need a plan to ensure protection and preservation of groundwater
quality. This score indicates that the feature has been impacted by urbanization and is
highly suitable for monitoring. A total UKARE Toolbox score between 76 and 100 is
urgent because the feature is among the most impacted by urbanization and scored the
highest across all three tools. These features should be prioritized for monitoring and
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management plans. This score indicates that the feature has been greatly impacted by
urbanization and is an ideal feature for monitoring to effectively and efficiently monitor
urban groundwater quality. Collectively, the total scores, along with scores for the
individual tools, provide a flexible and data-driven means by which users can evaluate
urban karst aquifers and make decisions regarding monitoring and management
priorities and plans.

3.4.5 Limitations of the UKARE Toolbox
The application of the tools within the Toolbox is field intensive, as well as data
processing intensive, for the user, but provides a comprehensive and objective way in
which to approach managing complex urban karst areas. Any evaluation is subject to
human bias and the UKARE Toolbox is not excused from that limitation, due to its
qualitative nature. Guidance notes were developed to reduce bias and provide a
justification for the score given to each criterion, but human bias could not be
completely removed from this Toolbox as human interpretation alone results in bias
(Appendix 1).
Another limitation of the toolbox is the accessibility to GIS materials and
preexisting geospatial data in order to conduct the evaluations and apply the tools in the
field. Users without a strong understanding of the study area’s landscape and local
policies will have more limitations than users familiar with the area. Some criteria, such
as historic monitoring, will need to be collected outside of the field application and a
lack of familiarity with the study area can result in missed data. Urban karst landscapes
are constantly changing naturally and as a result of development, in order to compensate
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for these changes, the UKARE Toolbox would provide the most efficient scores if reapplied every three to five years, or after any major development near a karst feature.
The UKARE Toolbox is designed as a holistic and universal tool that can be
used by scientists, landowners, environmental managers, or any interested stakeholder
within any urban karst landscape. The Toolbox was designed to be applicable
universally, so that urban karst landscapes could be compared using a single evaluation
that is customizable to an area, but the scoring system is adaptable and comparable from
one study area to another. Overall, the UKARE Toolbox is an adaptable and flexible
method that can be used for different purposes with the overall goal of using the tools
together to assist in monitoring and managing an urban karst aquifer.

3.5 Conclusion
As a result of urban development, karst landscapes and groundwater resources
have been negatively impacted. Stronger and more effective management plans are
needed to protect groundwater resources and the first step of developing effective
management plans is recognizing the issues and how to proactively prevent them. In
order to meet the needs of interested stakeholders, the purpose of this study was to
develop a universal and user-friendly tool that can be utilized to determine the most
vulnerable, threatened, and suitable for monitoring urban karst groundwater features to
capture, monitoring, and prevent harmful pollutants. This quantitative measurement
Toolbox and quick guide can be applied to any urban karst landscape to aid in the
development of management plans and groundwater protection.
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The use of the Toolbox can aid in driving groundwater protection policy by
selecting features that are impacted by urbanization in order to collect primary data that
accurately represents the groundwater system. There are regulations for groundwater
protection, but environmental managers do not have a tool for determining where to
monitoring in order to effectively monitor and manage groundwater. The UKARE
Toolbox bridges the gap between policy and implementation by aiding in the
development of effective management plans and allowing for accurate monitoring.
Through accurate monitoring a greater understanding of groundwater quality issues can
be studied and utilized to further improve policy in the future. Effective monitoring and
management is not cheap and one of the limiting factors of robust management is a lack
of budget. The Toolbox is cost efficient and simple to apply and the UKARE Quick
Guide takes into consideration the financial burden of monitoring and provides
suggestions for suites of parameters and resolutions in order to effectively monitor and
manage urban groundwater without creating a financial burden for communities.
The UKARE Toolbox is an evaluation index that takes into consideration
multiple aspects that contribute to effective management plans. Other indices do exist,
but none that have focused on urban karst groundwater, relied mostly on primary data,
or incorporated multiple indices into a single evaluation tool. There is also a lack of a
universal evaluation tool, which is needed for an interconnected world (Ficco and
Sasowsky 2018). The UKARE Toolbox fills a gap within the current evaluation tools
that is needed for an interdisciplinary approach to effective and accurate management
(Milanović and Vasić 2015; Zuquette and Failache 2018; Lima et al. 2019). The
continued understanding and management of urban karst groundwater will aid in driving
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policy to protect groundwater resources from the emerging threats associated with urban
development.
The next step in the development of the UKARE Toolbox is application and
validation through the collection of primary data. It will be applied in Bowling Green,
KY and the Tampa Bay Metropolitan Area, FL, as the first case studies, followed by
primary water quality data collection for validation, to test and validate the effectiveness
and accuracy of the Toolbox. Application and validation toward further refinement will
continue with future case studies on local and international scales.
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CHAPTER FOUR: APPLICATION OF THE URBAN KARST AQUIFER
RESOURCE EVALUATION (UKARE) TOOLBOX IN BOWLING GREEN,
KENTUCKY AND TAMPA BAY METROPOLITAN AREA, FLORIDA
4.1 Introduction
There is a strong need for holistic karst and groundwater management,
regulations, education, and outreach in order to preserve the valuable resources
associated with a karst landscape both nationally and internationally (Tsihrintzis and
Hamid 1997; Kastning and Kastning 1999; Escolero et al. 2002; Foster et al. 2003;
Drangert and Cronin 2004; Miguntanna et al. 2010; van Beynen and Fleury 2010; Guo
and Jiang 2011; Barbosa et al. 2012; Burns et al. 2012; Day and Reynolds 2012; Foster
and Ait-Kadi 2012; Parise et al. 2015b; Ravbar and Šebela 2015; Megdal et al. 2017).
The purpose of this study was to apply the Urban Karst Aquifer Resource Evaluation
(UKARE) Toolbox in two urban karst study areas in order to test the validity of the
developed toolbox and its applicability in varying size of urban karst landscapes as well
as coastal and inland urban karst landscapes. The results from this study will aid in the
modification and improvement of the UKARE Toolbox for future studies in order to
develop a universal and user-friendly tool for urban karst groundwater management.
In order to better monitor and protect karst landscapes specifically, researchers
have developed an array of indices, frameworks, risk assessments and groundwater
vulnerability models, that determine the vulnerability of karst areas to degradation.
Existing indices are constructed from layers within a Geographic Information System
(GIS), or similar program, consisting of data on groundwater, soil type, landuse, etc., or
evaluation of preexisting impact data. When these layers are combined, the Toolbox is
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ideally able to calculate a holistic description of the impacts on the landscape and
possible priority areas for management.
There is a large variety of these evaluative approaches with consideration to the
threat, vulnerability, and overall quality of karst and groundwater, including the Aquifer
Vulnerability Index; Karst Aquifer Vulnerability Index; KDI; RISKE; Susceptibility
Index; EPA’s DRASTIC; GOD; REKS; PLEIK; EPIK; Urban Infiltration Potential
Index (Table 4.1) and different variations with new layers or features added of these
evaluation approaches (Aller et al. 1987; Foster 1987; Van Stemproot et al. 1993;
Doerfliger et al. 1999; Malik and Svasta 1999; Petelet-Giraud et al. 2000; Riberio 2000;
Al-Adamat et al. 2003; van Beynen and Townsend 2005; Dörfliger et al. 2010; Mimi et
al. 2012; van Beynen et al. 2012b; Brindha and Elango 2015; Taheri et al. 2015b; Oroji
and Karimi 2017; Benabdelouahab et al. 2018; Machiwal et al. 2018a; Mogaji 2018;
Oroji 2018; Zhu et al. 2018; Chande and Mayo 2019; Freitas et al. 2019).
Table 4.1. Preexisting Indices for Karst and Groundwater (Source: Created by Author).
AVI (Aquifer
RISKE (Rock of aquifer
SI (Susceptibility Index)
Vulnerability Index)

media, Infiltration, Soil
Media, Karst, Epikarst)

DRASTIC (Aquifer

GOD (Groundwater

PI (Protective Function of

Depth, Recharge Rate,
Aquifer Lithology, Soil
Type, Topography, Impact
of Vadose Zone, Aquifer
Hydraulic Conductivity)
REKS (Rocks, Epikarst,
Karstification, Soil Cover)

Occurrence, Overall
Lithology of Aquifer, Depth
to Groundwater Level)

the Layers Above the
Saturated Zone)

PLEIK (Protective cover,

IPI-Urban (Urban
Infiltration Potential Index)

WQI (Water Quality
Index)

EPIK (Epikarst,
Protective cover,
Infiltration conditions,
Karstic Network)

Landuse, Epikarst
development, Infiltration
conditions, Karst
Development)
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COP (Concentration of
the flow, Layers above
the aquifer,
Precipitation)

These indices consider an extensive amount of conditions from the amount of pesticides
used to aquifer media, but impacts such as urbanization, particularly in a karst region,
are not specifically included or empirical data are lacking as inputs. The reproduction of
previous evaluation results can be difficult to mirror from one site to another because a
few of the impacts (soil variations, landuse, vegetation) are scored on a scale that is
subjective to the opinion of the researcher. There are vague suggestions for the scoring
process, but it is not controlled solely by scientific data collected from field research
(Van Stemproot et al. 1993; Riberio 2000; van Beynen et al. 2007; van Beynen 2012b;
Brindha and Elango 2015).
Monitoring plans and index tools are most commonly used in the evaluation of
karst landscapes, because they allow for a holistic evaluation of the landscape for each
specific location. Typically, a monitoring evaluation looks at a few key components for
protecting a karst landscape, including the overall development and practice of
monitoring groundwater resources, defining risk and protection zones, the realization
and development of sustainable land use practices, understanding the development
capacity of an aquifer, prevention and control of pollutants affecting the aquifer, and
overall public education about the landscape they are living with and how to live
conservatively (Kačaroğlu 1999). Modern research includes specific aspects of these
features, such as developing regions and the issues and pollutants associated with them
(Kovarik 2015). Regardless of the vast array of preexisting indices there is not a holistic
evaluation tool for urban karst groundwater that incorporates the many facets needed to
develop a management plan, such as monitoring capabilities, threats to the groundwater,
and potential vulnerabilities.
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Bowling Green and Tampa Bay Metropolitan Area are just two well-documented
examples of an urban karst area with different histories wherein many threats are known
and some mitigation has taken place; however, these issues are ubiquitous to most urban
karst areas and, to date, there exists no method for a consistent, proactive evaluation and
mitigation strategy for addressing them. In order to mitigate urban karst groundwater
pollutants in the best interest of the community and environment, a new approach to
urban karst management is validated here that can work for the many stakeholders
involved toward protecting urban karst groundwater resources.

4.2 Study Areas
4.2.1 City of Bowling Green, Kentucky
The urban metropolitan area of Bowling Green, Kentucky, located in Warren
County, in the south-central region of the state, is considered Kentucky’s third largest
city with approximately 65,234 residents (U.S. and World Population Clock 2017). This
study site was selected due to the extensive (over 40 years) previously conducted
research focusing on the interactions of surface and subsurface waters, which provided
historical data utilized for the development and validation of the UKARE Toolbox. The
City is divided into three sectors, including industrial, commercial, and residential,
which are established in a south to north trend, respectively. The City is in majority a
mixture of residential and commercial development. Bowling Green has doubled its
population in the last thirty years and is expected to continue to grow a total three
percent from 2010 to 2025 with the majority of the people living in residential or
commercial areas of the City (Nedvidek 2014; Ruther and Ehresman 2015). The City's
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land use is primarily comprised of commercial and residential areas. Figure 4.1 is a map
of the current distribution of landuse throughout the City.
The majority of precipitation occurs between December and May with the
average precipitation being 131 centimeters annually and the City’s average temperature
is 13.9 °C (NOAA 2019). The geology is comprised entirely of the St. Louis, St.
Genevieve, and Girkin limestone formations, with the youngest layer being the Girkin
and the oldest the St. Louis. There are two layers of chert, known as the Lost River
Chert and Corydon Ball Chert, the latter of which is present at the contact between the
St. Louis and St. Genevieve formations (Palmer 2007). Bowling Green resides within
the Pennyroyal Sinkhole Plain, and much of it is developed atop the Lost River Chert
bed, which does not erode as easily as the limestone, allowing the City to remain
geologically stable for the most part (Ryan and Meiman 1996). The UKARE Toolbox
was applied to 55 active karst features within the city limits of Bowling Green. The
UKARE Toolbox was only applied to the New Spring basin injection wells due to the
extensive amount of injection wells throughout the city making it difficult to evaluate all
injection wells within the scope of this study.
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Figure 4.1. City of Bowling Green, KY Landuse as of 2015 (Source: Created by author
with data from City of Bowling Green Planning and Zoning 2015).
4.2.2 Tampa Bay Metropolitan Area, Florida
The Tampa Bay Metropolitan Area consists of four counties: Hernando, Pasco,
Hillsborough, and Pinellas, all located in the west-central region of Florida. A fifth
county, Citrus, was included within this study to incorporate groundwater watersheds
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that are within the Tampa Bay Metropolitan Area, but resurge at features within Citrus
county. The population of the area is 3,091,399 and the largest city within the area is
Tampa with a population of 358,699 (American Community Survey 2014). This study
area was selected due to extensive historical data and being the site for the development
of the initial Karst Disturbance Index. Tampa Bay Metropolitan is within the tropical
biome, which allows for Florida’s warmer temperatures and rainfall. The average
temperature of the area is 23°C and the average rainfall in the region is 117 centimeters
(NOAA 2019). The area is developed on top of the Hawthorn Group as well as the
Ocala-Suwannee Limestone Groups, which have contributed to the formation of the
Floridian Aquifer, the primary karst groundwater aquifer for the state. The area has a
strong presence of springs and sinks throughout. Figure 4.2 displays the land use of the
area, which is predominately commercial and residential along the coast and rural land
use moving inland. The springs of the region can be found mainly along the coast. The
UKARE Toolbox was applied to 117 of the active karst features in this region. The
UKARE Toolbox application within this study occurred during baseflow and was
applied in January. A large influx of tourist is common in this area during the winter
season and a future application of the UKARE Toolbox during the summer months,
when it is not tourist season, is needed to strengthen the application of the UKARE
Toolbox in this area.
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Figure 4.2. Tampa Bay Metropolitan Area, FL Landuse as of 2017 (Source: Created by
the author with data from FGDL).
4.3 Methodology
The evaluation criteria of the UKARE Toolbox applied in this study are noted in
Appendix 1, along with the guidance notes developed to reduce bias and make the
toolbox user-friendly. The UKARE Toolbox was applied to 55 active karst features,
including 30 Class V Injection Wells in the Bowling Green study area and 117 active
karst features in the Tampa Bay Metropolitan Area.
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The two study areas are not perfectly comparable in size or urban impacts, but
both are able to display the universal applicability of the UKARE Toolbox and its
effectiveness on multiple scales. The tools were applied through field surveys in each
study area by visiting and evaluating each urban karst feature. The UKARE Toolbox
was applied to all karst features included in preexisting USGS, public works
departments, karst feature inventory, and historical research databases that were
compiled for each area’s study evaluation map. Criteria that could not be determined in
the field, such as preexisting regulations, historical data, or monitoring plans, was
collected through historical literature, state and federal websites, state and federal
reports, state and federal regulations, and historical knowledge of the areas.

4.3.1 Development of UKARE Threat, Vulnerability, and Monitoring Geodatabases
Several iterations of the UKARE tools were developed and applied in Bowling
Green, Kentucky and Tampa Bay Metropolitan Area, Florida, which are both urban
karst landscapes and selected to represent urban karst landscapes in general, but at
different scales and with different criteria, in order to test the development of the
UKARE Toolbox and its field applicability. The UKARE Toolbox criteria developed in
Chapter 3 is recapped in Figures 4.5-4.7. In order to develop each study area’s
evaluation map to capture new or missing data that pertain to the protection of
groundwater quality in an urban karst setting, it was necessary to ground-truth and
modify previously conducted karst feature inventories in Bowling Green and Tampa
Bay Metropolitan Area, modeled after the karst feature inventory developed by Stokes
and Griffiths (2000). This process was needed in order to appropriately apply the
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evaluation criteria to all known urban karst features within each study area. This was
achieved by collecting existing GIS data sources of karst feature locations, such as
springs, caves, karst windows, and urban injection wells (Table 4.2).
Table 4.2. Data Sources Utilized to Develop Site Study Maps (Source: Created by
Author).
Data
Data Source
Bowling Green Caves, Springs,
City of Bowling Green Public Works
Injection Well locations
Department, Kentucky Speleological
Survey, WKU Center for Cave and
Karst Studies
Bowling Green Dye-trace data
WKU Center for Cave and Karst
Studies, Kentucky Geological Survey
Tampa Bay Cave locations
USGS GIS Data Sources, Florida
Geologic Survey, Florida Speleological
Survey
Tampa Bay Sink and Spring locations
Florida Geologic Survey, USGS GIS
Data Sources

After the preexisting data were collected and compiled into an ArcGIS online map for
each study area, the karst features were ground-truthed. While ground-truthing, GPS
data points were taken on an iPad equipped with cellular data using the ArcGIS
Collector app. The information was stored in the ArcGIS online application that
contained a map layer of the respective study area and its preexisting karst features.
In order to conduct the evaluation in the field, once the preexisting karst feature
inventory data were collected and compiled in the desktop version of ArcGIS, a
geodatabase was developed for each of the feature classes: threat, vulnerability, and
monitoring. When developing the feature classes, the steps in Figure 4.3 were used to
create each feature class using the desktop version of ArcGIS before publishing to
online ArcGIS (Figure 4.4) to be compatible with the Collector app. The process was
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used to develop three separate feature classes for threat, vulnerability, and monitoring in
order to allow for scoring and analysis of each tool individually, and combined, after
data collection through processing in Excel. The geodatabases can be developed for any
study area alongside site-specific karst feature inventory data.

Step 1. In the Catalog, Create a
personal geodatabase with
three different point feature
classes for "threat,
vulnerability, and monitoring"
and a projection compatible
with the area of study

Step 2. In the properties tab of
the geodatabase select
"domains" with "text field"
"type" and "coded values"

Step 3. Enter the domain
name of each scoring feature
and a description in "domain
name"

Step 4. In the "coded values"
section of the domain
properties enter the 0-4
scoring system and define
each value

Step 5. Exit the geodatabase
properties and open the
properties of the feature class
and select the fields tab

Step 6. Add each of the
domains into this section and
provide a 3-4 letter alias for
the domain name

Figure 4.3. Steps for Developing the Geodatabases for the Evaluation Platforms in
ArcGIS (Source: Created by Author).
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Step 1. Under the file tab log into
the ArcGIS online account, in the
file tab select "share as service",
"publish as service", select "Hosted
Services", provide geodatabase
title as service name

Step 2. In Service editor:

Step 3. Set "parameters" to
maximum number of records to
any value <1000

Step 4. Set capabilities to "feature
access", In feature access menu
enable "create, sync, delete,
update, query"

Step 5. In "item description"
provide metadata

Step 6. Select "analyze", if there
are no severe errors publish for
each feature class

Step 7. Make a map in ArcGIS
online, add the feature class layers,
and publish the map

Step 8. Begin evaluating karst
features using the Collector app
through ArcGIS online

Figure 4.4. Steps for Publishing the Geodatabases to ArcGIS Online to be used in the
Collector App (Source: Created by Author).
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Figure 4.5. UKARE Threat Evaluation Criteria (Source: Created by Author).
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Figure 4.6. UKARE Vulnerability Evaluation Criteria (Source: Created by Author).

123

Figure 4.7. UKARE Monitoring Evaluation Criteria (Source: Created by Author).
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4.3.2 Application of UKARE in Bowling Green, Kentucky and Tampa Bay Metropolitan
Area, Florida
Bowling Green and the Tampa Bay Metropolitan Area were used as case studies
to determine what parameters need to be monitored, what karst features should be
sampled, and at what resolution in order to utilize the UKARE Toolbox to score karst
features to help meet the needs of both stakeholders and formulate BMPs. The study
areas were also selected to determine the effectiveness of the UKARE Toolbox in both
small and large urban karst areas, as well as under different impacts, such as saltwater
intrusion and injection wells, in order to universalize the Toolbox.
After the karst feature inventory was applied, the karst features within the study
areas were evaluated using the developed Threat, Vulnerability, and Monitoring
Evaluation Tools of the UKARE Toolbox (Chapter 3). While evaluating the features, an
iPad, equipped with cellular data and the ArcGIS Collector app, was used to apply the
developed evaluation geodatabases in the field. The information was stored in the
ArcGIS online application that contains a map layer of each study area and preexisting
karst features. The application aided in determining the applicability of the UKARE
Tools, as well as which features are the most appropriate for monitoring and have the
greatest threat and vulnerability risk, due to the urban environment. The evaluation
criteria are provided with guidance notes in order to eliminate bias with future
applications and to make the tool user-friendly and universally applicable (Appendix 1).
The UKARE Toolbox can be developed and applied within each specific urban karst
region that allows for stakeholders to have data management to support proposed
effective management plans (Harley et al. 2011).
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After the study areas were evaluated and scored, the data were exported from
ArcGIS online into an Excel format. The data were then processed by filling in missing
information for criteria, such as monitoring resolution, discharge measurements, and any
other criteria that were not able to be determined in the field. Data used to complete gaps
are listed in Table 4.3
Table 4.3. Data Sources Utilized to Complete the UKARE Toolbox Evaluation (Source:
Created by Author).
Data
Data Source
Historical Sampling Data
USGS Water Watch
Discharge Data
Kentucky Geological Survey, Florida
Geologic Survey
Historical Sampling Data
USGS GIS Data Sources
Landuse Data
Nationwide Urban Runoff Program
(NURP)

4.3.3 Scoring System
During the application of each tool, every karst feature was given a score from
zero to four for each evaluation criterion and the total score for each feature was
determined. To help reduce bias within the UKARE Toolbox, guidance notes were
developed to accompany the evaluations to help define parameters suitable for the
scoring categories (Appendix 1). Weights were not given to the evaluation criteria of the
UKARE Toolbox, even though some preexisting indices tend to have weighted scores,
because the criteria are extensive, and criteria that are not pertinent to an area are given a
score of zero. For example, features that are not accessible are given a score of zero,
which will not contribute to the overall Monitoring Evaluation Tool score and eliminates
this criterion from the evaluation without the user having to reconstruct the entire
toolbox for the study area. The zero score does not affect the overall score and is a user126

friendly approach to account for irrelevant evaluation criteria, while keeping the tools
consistent between application sites. In order to develop a universal tool, applicable to
all urban karst landscapes, one criterion could not be determined as more important than
another when evaluating all urban karst landscapes. In order to allow the tools to be
adaptable, but comparable, between urban karst landscapes, criteria not relatable to the
study area are given a score of zero. This score does not affect the overall score of the
feature and allows for the UKARE Toolbox score to be compared between, and within
urban karst areas, as well as be a universally adaptable for all urban karst aquifer
systems over time.
After the data were processed, the scores for Threat, Vulnerability, and
Monitoring Tools were calculated separately by summing the score given to each
criterion for each feature within each of the evaluation tools. The three Tools do not
have an equal number of evaluation criteria and the total score for each feature is not
comparable between the tools without standardizing the scores. The highest score a
feature can receive from the Threat Tool is a total score of 96, in the Vulnerability Tool
a feature can have a total score of 36, and in the Monitoring Tool a feature can have a
total score of 76. In order to compare the tools and make the score meaningful and user
friendly, each feature’s individual score within each tool was standardized to a score of
0-100 using the following formula:
("#$%&%$'() +,(-'., / 0 12-() 342., − 1ℎ, 7%#%8'8 9()', 2: ()) +,(-'., / 0 12-() 342.,)
∗
(1ℎ, 7(<%8'8 9()', 2: ()) +,(-'., / 0 12-() 342., − 1ℎ, 7%#%8'8 9()', 2: ()) +,(-'., / 0 12-() 342.,)

100

(Eq. 4.1)
Next, the separate scores of each tool were added together, with a possible total
of 300, and standardized again from 0 to 100 in order to determine the final, total score
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for each feature with consideration to the three tools. The features were then ranked and
classified according to the scoring matrix (Table 4.4) where the highest-scoring features
are likely in need of management in order to protect groundwater resources. The overall
score was also used for determining the most appropriate sampling locations within the
urban karst landscape for effective water quality monitoring.
Table 4.4. UKARE Scoring Indicators (Source: Created by Author).
Score Range
0-25
26-50
51-75
76-100

Indicator
Low
Moderate
High
Urgent

4.4 Results and Discussion
4.4.1 Bowling Green UKARE Analysis
The City of Bowling Green was used as the first case study for the application of
the UKARE Toolbox. The extensive preexisting monitoring and historical water quality
data made this an ideal study area for the scope of this study. The application in Bowling
Green allowed the UKARE Toolbox to be applied to a small urban karst area in order to
determine how effective the Toolbox is at determining the karst features most in need of
a management and monitoring plan. The application in this small urban area was an
initial test, but modifications were needed in order to make the UKARE Toolbox a more
universal tool for evaluating urban karst groundwater. The majority of karst features in
Bowling Green have not been drastically altered, but the groundwater quality is still
impacted by urbanization.
A unique feature to this study area that was incorporated into the development of
the UKARE Toolbox is the evaluation of Class V Stormwater Injection Wells
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throughout the city. The UKARE Tools were applied to 55 features in Bowling Green,
with 30 of the features being injection wells. There are over 2,500 known wells within
the City that introduce stormwater directly to the aquifer (Shelley 2018). These are
mostly not karst features, but contribute to the impacts of groundwater quality, and a
sample of wells was therefore evaluated with the UKARE Toolbox in this study. The
Injection wells result in some outlier data, because they are not natural karst features and
may not be accurately scored as such using the Toolbox, but still were incorporated in
the evaluation as contributing inputs to groundwater quality.
Injection wells are an urban threat to groundwater quality that has not been fully
considered in preexisting indices, but need to be and were incorporated into the
development of the UKARE Toolbox to make the toolbox universal for urban karst
landscapes with any form of wells. A stronger evaluation of wells in urban karst will
need to be developed in future modifications of the UKARE Toolbox to incorporate
these features. The UKARE Toolbox was only applied to active karst features, because
the study area has many seasonal springs, but they were not active during this study. The
UKARE Toolbox was also only applied to active injection wells in the New Spring
Basin, one of the seven basins in the city, due to the extensive amount throughout the
city that would be difficult to evaluate, given the scope of this study. Table 4.5 displays
the results of each tool and the overall UKARE Toolbox score for the City of Bowling
Green study area. Complete scoring of each feature is described in Appendix 2.
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Table 4.5. City of Bowling Green UKARE Toolbox Evaluation Results (Source:
Created by Author).

130

After the application of the UKARE Toolbox, the final scores of each feature
were standardized from 0 to 100 and applied using the counts and amounts (color)
analysis in ArcGIS Online. This analysis shows high scoring features in the warm color
scale and low scoring features in the cool color scale. Areas that have several low
scoring sites create cool color clustering spots and high scoring sites clustered together
are displayed by a larger hot spot, as seen in Figure 4.8. The main hotspot on the map is
the cluster of injection wells within the single basin. If all the injection wells were
evaluated in this study, the clustering would be more evenly distributed, but that was not
possible within the scope of this study. The UKARE Toolbox results map is designed
only as a visualization tool to display areas of need and general location of active karst
features in the study area, but the numeric scores should be referenced when selecting
features for monitoring and overall management planning.
The highest scoring features include the Barren River, ByPass Cave, State
Trooper Cave, Carver Cave, Lost River Rise, Greenwood Cave, and New Spring. A
common trend between these features is that they are a main drainage feature with
multiple inputs contributing to their overall flow and groundwater quality. A few on the
injection wells within the high-end scoring features include 1126 Vine Injection Well,
Marita Manner Injection Well, and 927 Payne Injection Well. The majority of the
injection wells received the same score of twenty-eight because they are in residential
areas with similar threats, vulnerability, and monitoring capabilities, but the high scoring
wells were impacted by commercial and industrial land use, which was reflected in their
UKARE Toolbox score. The lowest scoring features include several of the Class V
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Injection Wells, such as Durbin Estates, 1203 Sharon, and 1001 Adams, which are all in
residential areas with low populations.

Figure 4.8. 2019 UKARE Results for Bowling Green Application (Source: Created by
Author).
4.4.1.1 Threat Tool Criteria
4.4.1.1.1 Areal Assessment Basis
In the Bowling Green study area, these criteria were applied to each feature in
order to determine the feature’s overall threat evaluation score. Natural karst features,
such as springs and karst windows, were given a score of zero, known recharge area,
because there are seven defined groundwater basins in this study area in which all
natural karst features reside. Injection wells in the study area were given a score of four,
visible around the feature, because each well has its own small drainage basin within the
larger catchment. These basins are defined, but are primarily the visible area around the
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feature, so this scoring approach allows for an accurate representation of the feature’s
threat status.

4.4.1.1.2 Flooding, Stormwater Infrastructure, and Impervious Surfaces
Flooding is a major issue in Bowling Green and, as a result, the City has installed
over 2,500 injection wells to help mitigate this issue. Unfortunately, these features and
the natural karst features still flood; in order to reflect this in the evaluation, the majority
of the features were given a score of four for the flooding criteria (Shelley 2018).
Bowling Green is classified as an MS4 Phase II and has designed and implemented
stormwater infrastructure throughout the city, including drainage basins and injections
wells. These features were scored accordingly with a four for the retention basin/
surface stormwater infrastructure. Urbanized features that have been covered with
impervious surfaces, such as springs and sinkholes, were given a score of four for the
impervious surface cover criteria for on site. Features that are partially urbanized were
given a score of two for within 0.5 km and features within the city limit, but not covered
by impervious surfaces were given a score of zero for absent or >1 km.

4.4.1.1.3 Saltwater Intrusion
This criterion was not applicable to the Bowling Green study area because its
urban karst landscape is not located by the coast. In order to reflect this and eliminate
this criterion for the overall score of the features, all karst features were given a score of
zero for this criterion.
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4.4.1.1.4 Pollution Input Proximity
All urban karst features in the Bowling Green study area are located within 0.5 km, or
on site, of urbanization indicating that the feature is threatened by the proximity of
pollution. There are no features located on a reserve or protected land within the study
area. In order to reflect this, each feature was given a score of two, within 0.5 km, or
four, onsite.

4.4.1.1.5 Pesticides/Herbicides
Pesticides and herbicides are associated with residential landuse in urban areas.
Features that were impacted by residential landuse were given a score of four for this
criterion in order to reflect the potential threat to groundwater quality.

4.4.1.1.6 Microbiological/Emerging Pathogens
This criterion is associated with urbanization through septic tanks, sewers, and
other forms of fecal waste entering the groundwater system. Features that were in
residential areas with septic tanks or near sewer lines were given a score of four. The
waste infrastructure in urban areas is known to leak and the introduction of fecal waste
into the groundwater is a threat, which is reflected in the scoring.

4.4.1.1.7 Nutrients
Nutrients in urban areas are associated with lawn fertilizers and fecal waste from
septic tanks, sewage lines, and pet waste. Features located in residential areas or near a
waste treatment plant were given a score of four to represent this impact. Septic tanks
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are still present in Bowling Green and there is a dog park located within the city limits
near several of the karst features evaluated. For the City of Bowling Green, all features
were given a four because residential landuse and the presence of common nutrient
sources, pet waste, septic, etc., impacts every basin and feature.

4.4.1.1.8 Industrial Pollutants
Industrial pollutants are a high threat to the environment in high concentrations
and are typically toxic waste or heavy metals (Vesper et al. 2003; Lerner and Harris
2009; Tao et al. 2012; Groundwater Contamination 2016). Features with industrial land
use in their basin, or within sight of the feature, were given a score of four. The majority
of the features in Bowling Green were given a score of zero, because the industrial
sector of the study area is confined to one region of the city, whereas those in closer
proximity received a higher score.

4.4.1.1.9 Urban Landuse and Traffic
Bowling Green is predominantly residential and commercial landuse, which was
reflected by scoring features impacted by these landuses with a four for each criterion. A
few features are impacted by industrial landuse, but the majority of the features in the
study area received a zero for this criterion. Similar to industrial landuse, few of the
features are exposed to recreational landuse threats, and the majority received a score of
zero. Since Bowling Green is predominantly residential, and there is only one major
interstate in the study area, the majority of the features were given a score of two,
residential, for the Roads and traffic, criteria to reflect this.
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4.4.1.1.10 Population Density in Basin
Bowling Green is a small urban landscape that is still developing. The City has
not met its capacity and there remains room for development. The majority of the
features were given a score of zero, low, or two, moderate, for these criteria in order to
accurately represent the population. Residential areas were typically scored with a two
and the less developed areas within the city limits were given a zero to reflect that trend.
Urban areas that have met their capacity are given a score of four, high, for this criteria
and Bowling Green does meet that score for any of the features.

4.4.1.1.11 Sedimentation/Erosion
This criterion was evaluated during the field survey and could be determined by
observing the feature. The majority of the natural karst features that had not been
modified through urbanization were given a score of four for evidence of sedimentation
and erosion. The features that have been modified and the Class V Injection Wells
evaluated were given a score of zero, because no sedimentation or erosion was evident
or there was no visible erosion or sedimentation in the feature.

4.4.1.1.12 Visible Pollutants
This criterion was evaluated in the field survey and if there was visible trash or
other pollutants, such as oil or grease, the feature was given a score of four to reflect
that. The majority of the features in this study area were given a score of four based on
the presence of trash at the feature.
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4.4.1.1.13 Fuel-related Chemicals
Fuel-related chemicals are associated with motor vehicles and fueling stations
and the presence of these within a basin is a threat to groundwater quality from leaking
vehicles or spilled gasoline at fueling stations, among other impacts. The urban area of
Bowling Green exposes all urban karst features to this threat and all features were given
a score of four to reflect this impact in the UKARE Toolbox evaluation.

4.4.1.1.14 Feature Modifications
Bowling Green has both modified and unmodified karst features within the City
limits. The unmodified features, typically the naturally occurring features, were given a
score of zero, none, to reflect that. Features that have had their groundwater flow
redirected, been covered by an impervious surface, modified into a stormwater drainage
feature or a Class V Injection Well were given a score of four, significant, to represent
this threat.

4.4.1.1.15 Nonpoint and Point Source Pollution
Urban karst features are exposed to a variety of nonpoint source pollutants, such
as the feature being located in a basin with roads and stormwater, which enter the
groundwater system through these features. Stormwater is considered nonpoint because
it collects pollutants as it moves across an impervious surface and these are difficult to
trace back to a single source of pollution. Due to the urban nature of Bowling Green, the
majority of the features were given a score of four to reflect the threat of nonpoint
source pollution including Class V Injection Wells, which are legally defined as
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nonpoint source pollution. Point source pollution was given a score of four for features
that are impacted by the direct introduction of pollutants, such as straight pipes or
wastewater treatment plant effluents. Only the Barren River was given a score of four,
due to known direct inputs into the system.

4.4.1.1.16 Underground Storage Tanks
Features with fueling stations or known underground storage tanks within their
basin were given a score of four for this criterion to reflect the threat under the UKARE
Toolbox evaluation. Features scored by a visible basin, Class V Injection Wells, were
given a four if a fueling station was in sight, but a score of zero was given if not.

4.4.1.1.17 Landfill Proximity
If a retired or active landfill existed within a feature’s recharge basin, the feature
was given a score of four to reflect the threat of landfill pollutants affecting groundwater
quality. The majority of the features in this study area are not impacted by landfill
proximity and were given a score of zero. A few features did receive a score of four to
reflect this threat.

4.4.1.2 Vulnerability Tool Criteria
4.4.1.2.1 Geology and Land Cover
The Bowling Green study area is composed of St. Louis, the St. Genevieve, and
Girkin limestone formations (Palmer 2007), which are categorized as well-developed
carbonates with extensive karst features. All features in this study area were given a
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score of four, carbonate, for this criterion to reflect the potential impacts to the overall
landscape and water quality from the extensive karstification.

4.4.1.2.2 Biota
Features with biota present are more vulnerable to groundwater contamination
than features without biota present. This criterion was evaluated on site for each urban
karst feature and features with vegetation or organisms surrounding or in the feature
were given a score of four because the vulnerability of that criterion is high. All the
features in this study area had biota present and were given a score of four.

4.4.1.2.3 Hydrologic Connectivity
Features that are connected to nearby features, such as karst windows or springs,
are more vulnerable to potential contaminants that can be transported throughout the
system if one of the connected features is contaminated. In Bowling Green, this criterion
was able to be determined through dye trace and visual data to score connected features
with a four. Class V Injection Wells were given a score of zero, because they are directly
introduced to the groundwater system, and are evaluated in other criteria, but not always
tied directly to another karst feature, which is the focus of this criterion.

4.4.1.2.4 Water Usage
Groundwater sources that are utilized for drinking water increase the
vulnerability of human health if the groundwater sources are potentially contaminated.
This criterion is concerned with the vulnerability of human health, which is impacted by
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the overall groundwater quality. In the Bowling Green study area, all of the groundwater
flows into the surface stream, the Barren River, which is utilized as the City's drinking
water resource and for other cities downstream, which is why every feature in this study
area was given a score of four, drinking water.

4.4.1.2.5 Protected by Regulation and Other Approaches
In the state of Kentucky, groundwater is classified as a water of the
commonwealth by Kentucky Statutes 151.120, which is reflected in the scoring of all
karst groundwater features with a two, state, for the Protected by regulation criterion.
The Class V Injection Wells within the study area are regulated through federal policy
and enforced through state and local legislation. In order to reflect the regulations of
Class V Injection Wells, these features were given a score of zero, Local, federal, state,
combo. Features were also evaluated for other approaches to protection such as fences,
park or conservation property, or best management practices. The features in this study
area were evaluated on site for the Protected by other criterion and the scores varied
from feature to feature.

4.4.1.2.6 Previous Impacts
This criterion was evaluated through historical data, news reports, and historical
knowledge of locals in order to correctly score the features. The majority of features in
this study area have not been previously impacted, but a negative history for the Lost
River Cave system was reflected in the scoring for some sites (Crawford 1984).
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4.4.1.2.7 Direct Aquifer Connection
Features that are directly connected to the aquifer increase the vulnerability of
the groundwater quality to impact from pollutants. All of the features in this study area
are directly connected to the aquifer and received a score of four.

4.4.1.3 Monitoring Tool Criteria
4.4.1.3.1 Flowing
Features with flowing water are more suitable for water quality monitoring
because the water is moving through the system and transporting potential contaminants
with it. In Bowling Green, the features with flowing cave streams or springs were given
a score of four, yes. The Class V Injection Well features and those not flowing at the
time of the evaluation were given a score of zero, no.

4.4.1.3.2 Water Present
A feature cannot be continuously monitored for groundwater quality if water is
not present, which needs to be considered in the development of management and
monitoring plans. The karst features evaluated in this study were given a score of four,
yes, if water was present at the time of evaluating, and a score of zero, no, if water was
not present at that time. The majority of the sites in this study area had water present.

4.4.1.3.3 Flows to Surface Stream
Groundwater that is exposed to the surface is easier to monitoring than
groundwater that has to be pumped from the ground to be monitored. Features such as
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springs, karst windows, and resurgences were given a score of four, yes, to reflect this
monitoring quality. Features that do not flow to a surface stream, such as cave streams
and Class V Injection Wells were given a score of zero, no.

4.4.1.3.4 Flood Monitoring
Features that are monitored for flooding are given a higher score than features
that are not, because the feature is already collecting data that can contribute to a flood
management plan and help prevent damages by providing an early warning for flooding.
In the Bowling Green study area, the majority of the natural karst features are not
monitored for flooding and were given a score of zero, no. Most of the Class V Injection
Wells evaluated in this study are monitored for flooding through a project conducted by
Shelley (2018) and these features were given a score of four, yes.

4.4.1.3.5 Discharge/Water Level Monitoring Required
Discharge and water level monitoring is not required for groundwater in the state
of Kentucky. All features, except for the Barren River, were given a score of zero,
because this criterion is not applicable in this study area for groundwater. The Barren
River feature is a surface stream, fed by groundwater, but is monitored as a surface
stream by the City and USGS.

4.4.1.3.6 Discharge Data
This criterion was used to determine if features had current discharge data.
Several of the features in Bowling Green have historical discharge data, but that is not
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applicable to this criterion. The majority of the features in this study area were given a
score of zero, none.

4.4.1.3.7 Known Inputs, Delineated Basins, and Dye-traced
The City of Bowling Green has an extensive 40 years of historical karst and
groundwater data, which includes seven defined groundwater basins, dye-traced
groundwater flowpaths, and defined inputs to the groundwater system. The majority of
the features were given a score of four, yes, for the Known inputs criterion. Every feature
was given a score of four, yes, for the Delineated basins criterion. The majority of the
features were given a score of four, yes, for the Dye-traced criterion, except for the
injection wells, which have had few to no dye traces conducted.

4.4.1.3.8 Potential Storm Sampling Site
The majority of the features in the study area is accessible during storm events
and susceptible to stormwater runoff. In order to reflect this in the UKARE Toolbox
score, the suitable sites were given a score of four, yes.

4.4.1.3.9 Site Monitoring Applicable
The evaluated features in this study had water present at the time of evaluation
during base flow, so it was implied that water is constantly present at the feature, thus
making it suitable for groundwater monitoring. All of the features were given a score of
four, yes, to reflect this.

143

4.4.1.3.10 Sampling Permit Required
The City of Bowling Green is an MS4 Phase II community and all water is
accessible by the Public Works department, so no formal permit is required to sample.
All features were given a score of zero, no, because this criterion does not impact a
feature's monitoring capabilities in this study area.

4.4.1.3.11 Regulatory Monitoring Required and Monitoring Data Resolution
Groundwater is considered a water of the commonwealth in the state of
Kentucky, but the features evaluated are not required to be monitored for groundwater
quality. All features, except for Barren River, the surface stream feature, received a
score of zero, no, for the Regulatory monitoring required criterion. The Barren River is
utilized as a drinking water source and is required to be monitored for that purpose and
was given a score of four, yes. The city Public Works department conducts quarterly
ambient sampling at ten features within the city limits, along with the Barren River, and
these features were given a score of four, real-time monitoring, for the Monitoring data
resolution criterion. The features not currently monitored were given a score of zero, no.

4.4.1.3.12 Historical Data, Available Precipitation Data, and Water Level Data
These criteria were scored from historical data, prior knowledge of the feature,
and researching available data. During the field survey, if a monitoring station or
evidence of a historic monitoring station were present, it simplified the historic data
search. These are the more challenging criteria to evaluate and having knowledge of the
area, or aid of someone who has historical knowledge, allows for more accurate scoring
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of the features. In Bowling Green, features were given scores from zero to four for the
Historical data criterion as some features had no historical data and others had current
data and over ten years of historical data. The study area has several weather stations
located throughout and all features were given a score of four, current, for the Available
precipitation data, criterion. The features evaluated were given scores from zero to four
for the Water level data criterion as some features, primarily the Class V Injection
Wells, are monitored for research projects, but not all are included in this monitoring.

4.4.1.3.13 Accessibility
The features in Bowling Green were all given a score of two, limited, or four,
yes, for the Accessibility criterion. The features given a score of two were on private
property and permission was requested from the landowner to be able to conduct the
evaluation. The features given a score of four are stormwater features or located on city
property and accessible for this study.

4.4.1.4 Bowling Green Monitoring and Management Recommendations
The total UKARE Toolbox scores for this study area in Table 4.3 can be utilized
in the development of a site-specific management plan for Bowling Green. The UKARE
Toolbox was applied to 55 features in this study area and majority of the features were
scored as moderate concern according to the UKARE Toolbox. Three features were
scored as urgent concern, ten as high, thirty-eight as moderate, and four as low. In order
to create an accurate representation of the threats to the groundwater quality in this study
area management plans should focus on the monitoring and management of the urgent
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and high concern features. These features include the Barren River, Bypass Cave, State
Trooper Cave, Carver Cave, and New Spring. Several of these features are already
monitored quarterly by the City’s Public Works Department, but a higher resolution,
weekly or biweekly, should be utilized for these concerning features. Majority of the
features in the study area that were scored as moderate concern can still benefit the
understanding of the groundwater in this area, but do not need to be monitored at a high
resolution. A monitoring regime of monthly or quarterly would allow for an overview of
the groundwater system and still meet the needs and resources of interested stakeholders
and any regulated monitoring requirements.
High-resolution monitoring is costly and many stakeholders cannot afford high
resolution at all monitoring sites. The use of the UKARE Toolbox can aid in the
selection of features for high resolution monitoring and help prioritize the features most
in need of monitoring and management and meet the resources of stakeholders. As
resources become available to stakeholders site selection can be deemed from the
UKARE Toolbox scores in order to develop an effective management plan.
Reapplication of the UKARE Toolbox annually as the City continues to develop will
ensure an efficient management plan for Bowling Green and not only protect urban
groundwater resources, but can aid in the development of new regulations for urban
karst groundwater.

4.4.1.5 Bowling Green UKARE Conclusions
The different impacts of urbanization to groundwater quality were reflected in
the final UKARE Toolbox scores, which were compared to historical data associated
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with the features. A few of the high scoring features, Carver Cave, the Barren River,
State Trooper cave, and Lost River Rise, are sampled quarterly by the City’s Public
Works Department, but other features need to be incorporated into their sampling
regime in order to effectively evaluate the groundwater quality. As a result of this study,
the Public Works department began quarterly sampling at ByPass Cave and the water
quality data validated the UKARE Toolbox score and exhibited why that site was a more
accurate representation of the groundwater quality than some of the other potential
quarterly monitoring sites. Even with a small number of active karst features and
injection wells within Bowling Green, the UKARE Toolbox was utilized to evaluate
urban features to determine which accurately represent groundwater quality and areas in
need of monitoring and a management plan to protect the quality of the feature and
groundwater from urban impacts as the City continues to develop.
The UKARE Toolbox was applied in Bowling Green to all active karst features
and compared to over 40 years of extensive historical data. In order to make the tool
more universal for regions with coastal karst and larger urban impacts, it was also
applied in the Tampa Bay Metropolitan Area, where the Karst Disturbance Index, Karst
Aquifer Vulnerability Index, and the Karst Sustainability Index were originally
developed and applied, making these ideal application areas. The regions also had
preexisting GIS data that were used to help conduct the karst feature inventory and
evaluation within the time frame of this study.
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4.4.2 Tampa Bay Metropolitan Area UKARE Analyses
In order to incorporate multiple aspects of urban karst and continue the
development of the UKARE Toolbox as a universal tool, it was applied in a coastal
urban karst region to model one of the many common urban karst landscapes. The
Tampa Bay Metropolitan Area has a larger urban presence, which allowed for different
impacts than Bowling Green to be observed that may have a higher impact to the overall
water quality. The majority of features in this study area have been altered in some
capacity through urbanization and anthropogenic causes, unlike in Bowling Green,
which incorporates a new aspect into the development of the UKARE Toolbox. This
area also incorporates different threats to urban karst groundwater that need to be
considered, such as saltwater intrusion, larger urban populations, and larger basins.
Water quality data exist for this area, but there is still a large gap in the understanding of
the impacts of urbanization on water quality as was seen through this study. Table 4.6
displays the final scores of each of the tools and the overall UKARE Toolbox for the
urban karst features in the Tampa Bay Metropolitan Area. Complete scoring of each
feature is described in Appendix 2.
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Table 4.6. Tampa Bay Metropolitan Area UKARE Toolbox Evaluation Results (Source:
Created by Author).
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The UKARE Toolbox was applied to 117 karst features in the study area
including springs, sinks, caves, and the surface stream fed by groundwater flow. Figure
4.9 is a visualization of the UKARE Toolbox score for this region. After the scores were
standardized, the counts and amounts (color) analysis through ArcGIS Online was
applied to the standardized score for the study area. The hot spots represent high scoring
features and clusters of high scoring features, which allows for high impact areas to be
determined and aid in the development of region specific management plans. The
highest scoring features include Buckhorn Spring 396 and the rest of the spring
complex, Messer Spring, Hillsborough River, Tarpon Spring, Boyette Spring, Sulphur
Spring, and Jenkins Creek Spring to list a few in the top ranks, which are displayed by
the warm color scale. The lowest scoring features include Cauldron Spring, Gator
Spring, Brett’s Toilet Bowl, Orchid Sink, and Eagles Nest to list a few, which are
displayed using lighter colors of the warm color scale. The visualization of the data
provides a general idea of areas of concern within the study area, but the numeric score
allows for the selection of specific sampling sites within the areas of concern to be
potentially monitored. Interested stakeholders can select monitoring sites from the
UKARE Toolbox scoring to meet their monitoring needs and budget by prioritizing the
features most in need of monitoring first. The UKARE Toolbox is designed to determine
the best features for monitoring in an urban karst area in order to efficiently and
effectively monitoring groundwater quality without potentially missing contaminants,
which move rapidly through karst and require a more focused monitoring plan in order
to manage and prevent.
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The high scoring features, such as Buckhorn 396, Tarpon Spring, Boyette
Spring, Hillsborough River, Jenkins Creek Spring, and Homosassa Spring received a
higher score than other similar features, because they feed a drinking water source,
making the presence of harmful pollutants more concerning than lower scoring sites that
may have similar contaminants, but may not be used for drinking water resources. The
UKARE Toolbox considers water use within the evaluation, because drinking water
source features have a greater impact on human health than nondrinking water resource
features. Urbanization can have a large impact on human health and the consideration of
that element is vital to an effective evaluation tool, management plan, and policy. The
application of the UKARE Toolbox in this area exhibited the potential for the Toolbox
to be applied to large and small urban karst areas and still produce accurate results that
can aid in effective management planning.
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Figure 4.9. 2019 UKARE Results for Tampa Bay Metropolitan Area Application
(Source: Created by Author).
4.4.2.1 Threat Tool Criteria
4.4.2.1.1 Areal Assessment Basis
In the Tampa Bay Metropolitan Area study area, this criterion was applied to
each feature in order to determine how the feature was evaluated overall. Natural karst
features with a defined recharge basin were given a score of zero, known recharge area,
but majority of the features in this study area were given a score of four, visible around
the feature because groundwater flowpaths and basins are not typically defined in this
area. The features without a defined basin were evaluated primarily through the visible
area around the feature and this scoring approach allows for an accurate representation
of the feature.
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4.4.2.1.2 Flooding, Stormwater Infrastructure, and Impervious Surfaces
Flooding is an issue in Tampa Bay Metropolitan Area and, as a result, the
majority of the features were given a score of four for the flooding criterion. This study
area has developed retention basins to store stormwater until it enters the groundwater
system or evaporates off. Features connected to the retention basins or that are utilized
as a drainage feature were scored accordingly with a four for the retention basin/surface
stormwater infrastructure. Urbanized features that have been covered with impervious
surfaces, such as springs and sinkholes, were given a score of four for the impervious
surface cover criteria for on site. Features that are partially urbanized were given a score
of two for within 0.5 km and features not covered by impervious surfaces were given a
score of zero for absent or >1 km.

4.4.2.1.3 Saltwater Intrusion
This criterion was applicable to the study area as a coastal urban karst landscape
and evidence of saltwater intrusion was determined from dying, intolerant vegetation,
proximity to the coast, and the utilization of a specific conductivity probe during the
field evaluation. Features with high conductivity or other visual evidence of saltwater
intrusion were given a score of four.

4.4.2.1.4 Pollution Input Proximity
The urban karst features in the Tampa Bay Metropolitan Area study area are
located greater than one km, within 0.5 km, or on site of urbanization, indicating that the
feature is threatened by the proximity of pollution. There are features located on a
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reserve or protected land within the study area, which were given a score of zero, absent
or > 1 km. The features not located on a reserve, but within a more urbanized area of the
study area were given a score of two, within 0.5 km, or four, onsite to reflect their
proximity to a source of pollution such as residential areas, stormwater drainage
features, or an industrial area.

4.4.2.1.5 Pesticides/Herbicides
Pesticides and herbicides are associated with residential landuse in urban areas.
Features that were impacted by residential landuse were given a score of four for this
criterion in order to reflect this threat to groundwater quality. The majority of the
features in this study area were given a score of four, due to the extensive residential
landuse and lush lawns.

4.4.2.1.6 Microbiological/Emerging Pathogens
This criterion is associated with urbanization through septic tanks, sewers, and
other forms of fecal waste entering the groundwater system. Features that were in
residential areas with septic tanks or near sewer lines were given a score of four. The
waste infrastructure in urban areas is known to leak and the introduction of fecal waste
into the groundwater is a threat, which is reflected in the scoring system. The majority of
the features in this study area were given a score of four, due to the existence of
extensive residential landuse.

155

4.4.2.1.7 Nutrients
Nutrients in urban areas are associated with lawn fertilizers and fecal waste.
Florida still has many areas of the state utilizing septic tanks, which is evident in the
study area and was reflected in the evaluation. Nutrients can also be a result of pet
waste, which is associated with residential areas. Features located in residential areas or
near a waste treatment plant were given a score of four to represent this impact. For the
Tampa Bay Metropolitan Area, all features were given a four because residential land
use impacts every basin and feature.

4.4.2.1.8 Industrial Pollutants
Industrial pollutants are a high threat to the environment in high concentrations
and are typically toxic waste or heavy metals (Vesper et al. 2003; Lerner and Harris
2009; Tao et al. 2012; Groundwater Contamination 2016). Features with industrial land
use in their basin or within sight of the feature were given a score of four. The majority
of the features in the Tampa Bay Metropolitan Area were given a score of zero, because
the industrial sector of the study area is minimal or confined to small regions of the
study area.

4.4.2.1.9 Urban Landuse and Traffic
Tampa Bay Metropolitan Area is predominantly residential and commercial
landuse, which was reflected by scoring features impacted by these landuses with a four
for each of these landuse criteria. A few features are impacted by industrial landuse, but
the majority of the features in the study area received a zero for this criterion. Several of
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the features are exposed to recreational landuse threats and the majority was given a
score of four. Since Tampa Bay Metropolitan Area is predominantly residential and
commercial and there are several major interstates in the study area to threaten
groundwater majority of the features were given a score of two, residential, or four,
highway, for the Roads and traffic, criterion to reflect this.

4.4.2.1.10 Population Density in Basin
The Tampa Bay Metropolitan Area exhibits a variety of population sizes
throughout the study area. The majority of the features were given a score of two,
moderate, or four, high, for this criterion in order to accurately represent the population.
Residential areas that had not met development capacity were typically scored with a
two and the less developed areas within the study area were given a zero to reflect that
trend. Urban areas, such as features in the downtown area of the study area that have met
their capacity, were given a score of four, high, for this criterion.

4.4.2.1.11 Sedimentation/Erosion
This criterion was evaluated during the field survey and could be determined by
observing the feature. Majority of the natural karst features that had not been modified
through urbanization were given a score of four for evidence of sedimentation and
erosion. The features that have been modified as swimming pools or ponds were given a
score of zero because there was no visible erosion or sedimentation at the feature due to
the installation of concrete sidings.
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4.4.2.1.12 Visible Pollutants
This criterion was evaluated in the field survey and if there was visible trash or
other pollutants, such as oil or grease, the feature was given a score of four to reflect
that. The majority of the features in this study area that were not located in a park or a
preserve were given a score of four. The features located in parks or preserves were
given a score of zero if no pollutants were visible on site.

4.4.2.1.13 Fuel-related Chemicals
Fuel-related chemicals are associated with motor vehicles and fueling stations
and the presence of these within a basin is a threat to groundwater quality from leaking
vehicles to spilled gasoline at fueling stations. The urbanized areas of the Tampa Bay
Metropolitan Area exposed majority of the urban karst features to this threat and these
features were given a score of four to reflect this impact in the UKARE Toolbox
evaluation. Features located within a preserve were not exposed to this threat and were
given a score of zero.

4.4.2.1.14 Feature Modifications
Tampa Bay Metropolitan Area has both modified and unmodified karst features
within the study area. The unmodified features, typically the naturally occurring features
outside of the downtown area, were given a score of zero, none, to reflect that. Features
that have had their groundwater flow redirected, been covered by an impervious surface,
modified into a stormwater drainage or retention feature, decorative pond, swimming
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pool, or a recreational area were given a score of four, significant, to represent the threat
to these features.

4.4.2.1.15 Nonpoint and Point Source Pollution
Due to the urban nature of Tampa Bay Metropolitan Area, the majority of the
features were given a score of four to reflect the threat of nonpoint source pollution.
Point source pollution was given a score of four for features that are impacted by direct
introduction of pollutants, such as straight pipes, visible inputs to the feature, or
wastewater treatment plant effluents. A large portion of the features in this study area
was given a score of four because they are impacted by point source pollution.

4.4.2.1.16 Underground Storage Tanks
Features with fueling stations or known underground storage tanks within their
basin or within sight of the feature were given a score of four for this criterion to reflect
the threat for the UKARE Toolbox evaluation. Features scored by visible around the
feature areal assessment, because they did not have a defined groundwater basin, were
given a four, if a fueling station was in sight, but a score of zero was given if not.

4.4.2.1.17 Landfill Proximity
All of the features evaluated in this study area are not impacted by landfill
proximity and were given a score of zero to reflect this level of threat.
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4.4.2.2 Vulnerability Tool Criteria
4.4.2.2.1 Geology and Land Cover
The Tampa Bay Metropolitan Area study area is composed of Hawthorn Group
as well as the Ocala and Suwannee carbonate groups, which have contributed to the
formation of the Floridan Aquifer, the primary karst groundwater aquifer for the state.
All features in this study area were given a score of four, carbonate, for this criterion to
reflect the potential impacts to the overall landscape and water quality from the
extensive karstification.

4.4.2.2.2 Biota
Features with biota present are more vulnerable to groundwater contamination
than features without biota present. This criterion was evaluated on site for each urban
karst feature and features with vegetation or organisms surrounding or in the feature
were given a score of four because the vulnerability of that criterion is high. All the
features in this study area had biota present and were given a score of four.

4.4.2.2.3 Hydrologic Connectivity
Features that are connected to nearby features, such as karst windows or springs,
are more vulnerable to potential contaminants that can be transported throughout the
system if one of the connected features is contaminated. In the Tampa Bay Metropolitan
Area, this criterion was able to be determined through areal maps and general
knowledge collected through diving expeditions and visual assessments to score
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connected features with a four. The majority of the features in this study area is
hydrologically connected and were given a score of four.

4.4.2.2.4 Water Usage
Groundwater sources that are utilized for drinking water increase the
vulnerability of human health if the groundwater sources are potentially contaminated.
This criterion is concerned with the vulnerability of human health, which is impacted by
the overall groundwater quality. In the Tampa Bay Metropolitan Area study area, there
are several water utilities that provide drinking water. In this area, the utilities use
surface and groundwater sources. Groundwater sources that flow into surface streams,
such as the Hillsborough River, were given a score of four, drinking water, if the surface
stream is utilized for drinking water. As a matter of security, the exact groundwater
sources of drinking water are not easily available and can be difficult to score and
assumed sources were given a score of two in this case.

4.4.2.2.5 Protected by Regulation and Other Approaches
In the state of Florida, first magnitude springs are protected by the Florida
Springs and Aquifer Protection Act (373.807), which is reflected in the scoring of the
spring features classified as a first magnitude spring with a two, state, for the protected
by regulation criterion. Features, and the features hydrologically connected to them, that
are protected by the Basin Management Action Plans under the Springs and Aquifer
Protection Act were also given a score of two. The Hillsborough River surface stream
was given a score of zero, local, federal, state, combo, because this feature is protected
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by the Clean Water Act. Features were also evaluated for other approaches to protection
such as fences, park or conservation property, or best management practices. The
features in this study area were evaluated on site for the protected by other criterion and
the scores varied from feature to feature.

4.4.2.2.6 Previous Impacts
This criterion was evaluated through historical data, news reports, and historical
knowledge of locals in order to correctly score the features. Majority of the features in
this study area have not been previously impacted and received a score of zero, no
reported occurrences. Several features were given a score of two, unknown, or four,
reported occurrences if any occurrence of an impact was documented.

4.4.2.2.7 Direct Aquifer Connect
Features that are directly connected to the aquifer increase the vulnerability of
the groundwater quality to impact from pollutants. The majority of the features in this
study area is directly connected to the aquifer and received a score of four, yes. Features
that are not directly connected include perched aquifers or sinks and received a score or
two or zero to reflect the appropriate level of vulnerability.

4.4.2.3 Monitoring Tool Criteria
4.4.2.3.1 Flowing
Features with flowing water are more suitable for water quality monitoring,
because the water is moving through the system and transporting potential contaminants
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with it. In Tampa Bay Metropolitan Area, the features with flowing cave streams or
springs were given a score of four, yes. The sink features and features that were not
flowing at the time of the evaluation were given a score of zero, no.

4.4.2.3.2 Water Present
A feature cannot be continuously monitored for groundwater quality if water is
not present, which needs to be considered in the development of management and
monitoring plans. This criterion was evaluated onsite and the karst features evaluated in
this study were given a score of four, yes, if water was present at the time of evaluating
and a score of zero, no, if water was not present at that time. The majority of the sites in
this study area had water present.

4.4.2.3.3 Flows to Surface Stream
Groundwater that is exposed to the surface is easier to monitoring than
groundwater that has to be pumped from the ground to be monitored. Features such as
springs, karst windows, and resurgences were given a score of four, yes, to reflect this
monitoring quality. Features that do not flow to a surface stream, such as cave streams
and sinks, were given a score of zero, no.

4.4.2.3.4 Flood Monitoring
Features that are monitored for flooding are given a higher score than features
that are not, because the feature is already providing data that can contribute to a flood
management plan and help prevent damages by providing an early warning for flooding.
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In the Tampa Bay Metropolitan Area study area, the majority of the natural karst
features are not monitored for flooding and were given a score of zero, no. Several
features are monitored for discharge and overall flooding that were evaluated in this
study and were given a score of four, yes.

4.4.2.3.5 Discharge/ Water level Monitoring Required
Discharge and water level monitoring is required for features that are regulated
by the Florida Springs and Aquifer Act in order to establish total maximum daily loads
for contaminants. These features were given a score of four, yes. Features that are not
regulated under this Act were given a score of zero because this criterion is not
applicable to these features for groundwater.

4.4.2.3.6 Discharge Data
This criterion was used to determine if features have current discharge data.
Features that are required to measure discharge were given a score of four, yes. Features
with established USGS gaging stations onsite were also given a four. Majority of the
features in this study area were given a score of four, but those not currently monitored
for discharge were given a score of zero, none.

4.4.2.3.7 Known Inputs, Delineated Basins, and Dye traced
The Tampa Bay Metropolitan Area has not defined many of the groundwater
basins or groundwater flow paths within the study area. Surface inputs have been
defined, but not traced throughout the groundwater system. The majority of the features
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were given a score of zero, no, for the known inputs criterion. This was the same trend
for the delineated basin criterion. Features that were given a score of four for those
criteria are connected to the first magnitude springs, which have extensive background
data in order to be properly regulated in line with the legislation. Many groundwater
flowpaths in this study area have not been dye traced or noted in the Florida Geologic
Survey’s dye trace database, so all the features received a score of zero for the dyetraced criterion.

4.4.2.3.8 Potential Storm Sampling Site
The features evaluated in this study area are not all accessible during storm
events and features were given scores from zero, no, two, unknown, and four, yes.
Features that were not accessible during the base flow evaluation due to landowners or
general location are not suitable for storm sampling and were given a score of zero.
Features that were accessible were given a score of four.

4.4.2.3.9 Site Monitoring Applicable
If the evaluated features in this study had water present at the time of evaluation
during baseflow, it was implied that water is constantly present at these features making
them suitable for groundwater monitoring. All of these features were given a score of
four, yes, to reflect this. Features that did not have water present at the time of
evaluation were given a score of zero because the feature is not an ideal monitoring site
for groundwater quality management.
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4.4.2.3.10 Sampling Permit Required
Florida’s residents own the water in the state of Florida, be it surface or ground.
A sampling permit is not required if the water is accessible unless the water being
sampled is directly from a state park. If the water is collected from a feature outside of
the state park for that feature then a permit is not required to collect a sample. Features
within a state park were given a score of four, yes. Majority of the features were given a
score of zero, no, because a permit is not required and this criterion does not impact a
features monitoring capabilities in this study area.

4.4.2.3.11 Regulatory Monitoring Required and Monitoring Data Resolution
Features that are classified as first magnitude springs or are a part of a Basin
Management Action Plan are required to be monitored by the Florida Springs and
Aquifer Protection Act. These features were given a score of four, monitoring for more
than two parameters. The required monitoring parameters and features are defined in the
established Basin Management Action Plans for each regulated watershed, which was
used to score these features accurately. The features that are currently monitored in the
study area were given a score of one, random sampling, or two, monthly/quarterly
sampling. The sampling resolution was determined from established management plans
and knowledge of invested stakeholders for the study area. The features not currently
monitored were given a score of zero, no.
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4.4.2.3.12 Historical Data, Available Precipitation Data, and Water Level Data
These criteria were scored from historical data, prior knowledge of the feature,
and researching available current data. During the field survey, if a monitoring station or
evidence of a historic monitoring station were present, it simplified the historic data
search. These are the more challenging criteria to evaluate and having knowledge of the
area or aid of someone who has historical knowledge allows for a more accurate scoring
of the features. In Tampa Bay Metropolitan Area, features were given scores from zero
to four for the Historical data criterion as some features had no historical data (zero)
and others had current data and over ten years of historical data (four). The study area
has several weather stations located throughout and all features were given a score of
four, current, for the Available precipitation data, criterion. The features evaluated were
given scores from zero to four for the Water level data criterion, which was determined
from preexisting data and current monitoring programs for the features.

4.4.2.3.13 Accessibility
The features in Tampa Bay Metropolitan Area were primarily given a score of
two, limited, or four, yes, for the accessibility criterion. The features given a score of two
were on private property or within a state park and permission was requested from the
landowner to be able to conduct the evaluation. The features given a score of four were
within a county park or open access and were accessible for this study.
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4.4.2.4 Tampa Bay Metropolitan Area Monitoring and Management Recommendations
The total UKARE Toolbox scores for this study area in Table 4.4 can be utilized
in the development of a site-specific management plan for the Tampa Bay area. The
UKARE Toolbox was applied to more features in this area (117 features) than the
Bowling Green study area, but over half of the evaluated features were scored as urgent
and high concern. There were 22 urgent UKARE Toolbox scores, 44 high, 43 moderate,
and 9 low. The 22 urgent scoring features, including the Buckhorn Spring complex,
Tarpon Spring, Sulphur Spring, Jenkins Creek Spring, and Homosassa Spring, need to
be prioritized in the development of a management plan. Resources and funds should be
invested into high resolution monitoring, weekly or biweekly, of these features in order
to further understanding of the threats faced by the urgent concern features. A further
understanding will not only remediate groundwater contamination, but all for the
prevention of groundwater contamination. After the urgent concern features are
monitored, features scored as high concern should also be incorporated into management
plans, perhaps at a lower resolution, such as monthly or quarterly, to provide an accurate
representation of the groundwater quality and meet the resources of interested
stakeholders. Given the vast number of features evaluated in this study area,
management plans focusing on the urgent and high concern features are a starting point
for groundwater protection and potential policy change. Reapplication of the UKARE
Toolbox annually and after any major development change in this study area will aid in
accurate monitoring and focusing on new problem areas within the aquifer as
remediation occurs of current problem areas.
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Overall, this study area is a high concern area and could benefit from more
targeted management plans. The state of Florida is in the process of revamping their
management programs through Basin Management Action Plans and the application of
the UKARE Toolbox could aid in the selection of priority features for management.
Current groundwater management and monitoring plans have made progress in the
protection of groundwater resources, but a more focused and efficient approach to site
selection in order to accurately capture groundwater quality is necessary for the
preservation or urban groundwater as urbanization continues to grow.

4.4.2.5 Tampa Bay Metropolitan Area UKARE Conclusions
Similar to Bowling Green, the different impacts of urbanization to groundwater
quality were reflected in the final UKARE Toolbox scores, which were compared to
historical data associated with the features. A few of the high scoring features, Buckhorn
396, Tarpon Spring, Boyette Spring, Hillsborough River, Jenkins Creek Spring, and
Homosassa Spring are currently monitored and have historical data indicating water
quality issues at these sites, such as high levels of nitrates. After the application of the
UKARE Toolbox, a higher-resolution monitoring program at selected sites could aid in
understanding the impacts of urbanization on groundwater quality and how to remediate
emerging threats.
In order to make the tool more universal for regions with coastal karst and larger
urban impacts, the application in the Tampa Bay Metropolitan Area allowed for a new
perspective and inclusion of new criteria. The challenges of a large urban area, such as
development eradicating or completely altering a feature, are important concepts to be
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included in the UKARE Toolbox. These challenges were not as prominent in the
Bowling Green study area and further applications of the UKARE Toolbox will continue
to strengthen it.

4.4.3 Comparison of the Case Studies
The two study areas in this study are not comparable in size or urban impacts,
but were utilized to display the versatility of the UKARE Toolbox, as well as validating
the effectiveness of the Toolbox at different scales. The City of Bowling Green is a
semi-urban karst landscape that is in the process of urbanizing and had a majority of
features scored as moderate concern. The UKARE Toolbox was applied to 55 features
within a 96 km2 area, whereas, the UKARE Toolbox was applied to 118 features in over
7,700 km2 in the Tampa Bay Metropolitan Area. This variability between the two study
areas displayed the universal nature of the UKARE Toolbox. The Tampa Bay
Metropolitan Area is highly urbanized and the majority of the features in this study area
were scored as high. The greater presence of urbanization and the impacts of large
residential areas and a large downtown area in the Tampa Bay Area, but not in the
Bowling Green study area, were reflected in these UKARE Toolbox scores. The two
study areas also faced different threats, such as saltwater intrusion in the Tampa Bay
Area, but not in the Bowling Green Area, which allowed for the criteria of the tools to
be expanded to include a variety of threats to urban karst groundwater.
Regardless of the number of features evaluated, the overall scores reflect the
impacts of different urbanization levels and karst areas. The successful application of the
UKARE Toolbox in the two different case studies implies the universal effect of the
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Toolbox; the Toolbox can be applied in any urban karst landscape. Future applications
of the UKARE Toolbox in a variety of urban karst landscapes will continue to strength
and validate the reliability of the UKARE Toolbox scoring system.

4.4.4 Limitations of the UKARE and Future Study Needs
The applications of the UKARE Toolbox within this study defined limitations of
the toolbox that will need to be addressed in future applications. The two application
areas were initial pilot studies for the UKARE Toolbox and future applications will be
needed to strengthen the UKARE Toolbox. One limitation of the UKARE Toolbox is
human bias that is introduced through the evaluations. The guidance notes developed to
eliminate this bias can be further developed through multiple applications by a variety of
users (scientists, environmental managers, citizens, etc.) in order to make the Toolbox
consistent from area to area, universal, and user-friendly. Developing more specific
constraints to the guidance notes through future applications will also eliminate bias in
the evaluation process. Another limitation of the UKARE Toolbox is defining
groundwater drinking water resources. This information is not available to the public in
order to protect the drinking water supply and this criterion is currently scored by
interpretation and local knowledge of the area. This criterion needs to be further
developed in order to accurately apply the UKARE Toolbox.
The application of the UKARE Toolbox Bowling Green and the Tampa Bay
Metropolitan Area validated the applicability of the UKARE Toolbox in different urban
karst settings. The successful application in a small landlocked urban area and in a large
coastal urban area proved the UKARE Toolbox can be applied in multiple areas using
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the same scoring frame and providing accurate results. The final scores were compared
to historical data within the regions, but the collection of primary data, in these two
study areas and future study areas, to further validate the effectiveness of the UKARE
Toolbox will be needed in future studies. These studies furthered the development of
making the UKARE Toolbox a universal tool by incorporating a variety of impacts to
urban karst such as saltwater intrusion, injection wells, study area size, and varying
population size and seasonal impacts from population flux.

4.5 Conclusion
The application of the holistic, universal UKARE Toolbox in Bowling Green,
Kentucky and the Tampa Bay Metropolitan Area, Florida was used to determine the
threat, vulnerability, monitoring potential, and overall need for site and overall
management plans, through the use of the tools within in the Toolbox and the UKARE
Toolbox itself. The two study areas are not identically comparable, but were utilized to
determine the applicability and effectiveness of the UKARE Toolbox in different urban
karst settings. The applications within this study were testing the UKARE Toolbox as it
was developed to consider variations in climate, hydrology, scale, geology, and impacts.
In comparison to historic and current data available in both study areas the results of the
UKARE Toolbox for each feature are justified and validated.
The UKARE Toolbox is useful for the development of management and
monitoring plans by determining which urban karst features need to be prioritized for
management in order to protect the feature and the groundwater quality associated with
it. The two study areas have different levels of urbanization, but are both impacted
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through development and are in need of stronger management plans and protective
policies for urban karst and karst groundwater quality. The UKARE Toolbox is designed
to aid in determining which features need to be managed, but the collection of primary
data is needed to fully determine what pollutants are impacting the quality of the feature
in order to begin remediation and effective monitoring and management. The application
of the UKARE Toolbox is the first step in developing a management plan for an urban
karst region. Once the first step is taken, environmental managers and any invested
stakeholders can take responsibility for effectively managing the urban karst
groundwater through efficient and effective management.
In order to validate this assumption in a future study, primary water quality data
will be collected in the Bowling Green study area, by selecting five sites ranked in the
top ten and five sites ranked in the next group of ten, as sampling sites in Bowling Green
where water quality data will be collected at a weekly resolution to validate the UKARE
Toolbox. To validate the UKARE Toolbox in the Tampa Bay Metropolitan Area, spot
sampling will be conducted at select features out of the 117 features evaluated. The
primary data collected will be compared to the UKARE Toolbox results in order to
validate the effectiveness and accuracy of the tools.
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CHAPTER FIVE: VALIDATION OF THE URBAN KARST AQUIFER
RESOURCE EVALUATION (UKARE) TOOLBOX IN BOWLING GREEN,
KENTUCKY AND TAMPA BAY METROPOLITAN AREA, FLORIDA
THROUGH WATER QUALITY AND EMERGING PATHOGEN ANALYSIS

5.1 Introduction
The goal of the Urban Karst Aquifer Resource Evaluation (UKARE) Toolbox
was to develop a holistic and universal tool for urban karst groundwater management.
The UKARE Toolbox identifies which urban karst features are the most threatened,
vulnerable, and suitable for monitoring in an urban karst environment. The UKARE
Toolbox was applied in Bowling Green, Kentucky and the Tampa Bay Metropolitan
Area, Florida and the scoring results were compared to existing feature data (Chapter 4).
The purpose of this study was the collection of primary water quality data in order to
validate the UKARE Toolbox scoring results using empirical data in conjunction with
scoring data. Standard water quality parameters were collected including pH, anions,
metals, chemical oxygen demand, biological oxygen demand, oil and grease, and E. coli.
In addition to the standard suite, emerging pathogens, such as antibiotic resistant
bacteria, were analyzed to determine a presence in the groundwater as a result of urban
influence. The primary data can also be used to further the understanding of the
groundwater quality in these two urban karst study areas that can be utilized in the
development of management plans.
Urbanization has a negative impact on all bodies of water through pollution and
development (Burian et al. 2000; Morris et al. 2003; Drangert and Cronin 2004; Hatt et
174

al. 2004; Vázquez-Suñé et al. 2005; Long et al. 2014; Jiang et al. 2017; Barrett 2018;
Varade et al. 2018). Urbanization changes the natural flow and recharge of groundwater,
which, in turn, may negatively impact society. One of the greatest threats to
groundwater, and a main contributor of pollutants, is changing landuse, particularly
within urban settings (Lerch 2011). Groundwater in urban karst settings is directly
affected by anthropogenic surface activities and is highly susceptible to pollution
because of the rapid movement of water from the surface to the subsurface (Kalhor et al.
2018). Some of the pollutants remain suspended in the water column, such as chemicals
or nitrates, which can easily enter drinking water sources or move from one body of
water to another (Davraz et al. 2009). Other examples of urban pollutants are metals,
high concentrations of anions, enteric bacteria, pathogens, antibiotics, organic
compounds, microplastics, and volatiles that have been discovered in groundwater
resources throughout the world for over two decades indicating that current groundwater
protection and management is not effective for the overall protection of the resource
(Foster et al. 1998; Vesper et al. 2003; Hatt et al. 2004; Daesslé et al. 2009; Guo et al.
2010; Butscher 2011; Afsharnia et al. 2017; Jiang et al. 2017; Doummar and Aoun 2018;
Saint-Loup et al. 2018; Panno et al. 2019; Peña-Guzmán et al. 2019).
Emerging pollutants, such as antibiotic resistant bacteria, are classified as not
currently regulated or monitored in current surface water or groundwater policies.
Studies have been conducted to determine the existence of antibiotic resistant genes and
antibiotic resistant bacteria in surface streams, but there is little to no research conducted
on the presence of antibiotic resistant bacteria residing in urban karst aquifers (Agga et
al. 2015; Devarajan et al. 2016). The development of antibiotic resistant bacteria is a
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major concern for water resources, especially drinking water, because the presence of
antibiotic resistant bacteria and antibiotic resistant genes in the water supply reduces the
control communities have with preventing the spread of disease (Hao et al. 2018;
Narciso-da-Rocha et al. 2018). Some examples of contributors to their development
found in groundwater systems are pharmaceuticals and personal care products, natural or
synthetic hormones, industrial chemicals, and endocrine disrupting compounds, which
not only pollute groundwater, but can negatively impact reproductive and other primary
systems within the body if one is exposed to high levels (Gavrilescu et al. 2015). These
emerging pollutants can be introduced to the groundwater through feces, urine, flushing
unused medication, and using household drains as a waste disposal for harmful products
(da Silva et al. 2013; Devarajan et al. 2016; Qui et al. 2016). Leaking sewer and water
pipes, septic tanks, and cesspits are also responsible for the introduction of these
pollutants into the groundwater system, where they can multiply and have detrimental
impacts over time (Heinz et al. 2009; Hass et al. 2012; Schmidt et al. 2013; Van
Stempvoort et al. 2013; Vystavna et al. 2013; Lapworth et al. 2015; Phillips et al. 2015;
Sorensen et al. 2015).
Bowling Green and Tampa Bay Metropolitan Area are two well-documented
examples of an urban karst area with different histories and regulations wherein many
threats are known and some mitigation has taken place; however, these issues are
ubiquitous to most urban karst areas and, to date, there exists no method for a consistent,
proactive evaluation and mitigation strategy for addressing them. In order to mitigate
urban karst groundwater pollutants in the best interest of the community and
environment, the new approach to urban karst management through the development of
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the UKARE Toolbox will meet the interest of the many stakeholders involved, while
still protecting the karst landscape.

5.2 Study Area
The sampling sites in Bowling Green were selected using the UKARE Toolbox
scoring (see Chapter 4) and a portion of the study sites in Bowling Green was selected
due to being considered highly threatened, while the other portion was selected due to
being less threatened in order to validate the effectiveness of the tool. The sample sites
for the Tampa Bay Area were selected based on accessibility, and primary water quality
data collected were compared to the application of the UKARE Toolbox to validate the
scoring system. The primary water quality data collected at the sample sites in both
study areas were used to validate the newly developed Toolbox for site selection and
scoring, as well as understand the water quality of urban karst aquifers.

5.2.1 City of Bowling Green, Kentucky
The urban metropolitan area of Bowling Green, Kentucky, located in Warren
County, in the south-central region of the state is considered Kentucky’s third largest
city with approximately 65,234 residents (U.S. and World Population Clock 2017). The
City is divided into three sectors, including industrial, commercial, and residential,
which are established in a south to north trend, respectively. The City is primarily a
mixture of residential and commercial development. Bowling Green has doubled its
population in the last thirty years and is expected to continue to grow a total three
percent from 2010 to 2025 with the majority of the people living in residential or
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commercial areas of the city (Nedvidek 2014; Ruther and Ehresman 2015). The City's
land use is primarily comprised of commercial and residential areas. Figure 5.1 is a map
of the current distribution of landuse throughout the City.

Figure 5.1. City of Bowling Green, KY Landuse as of 2015 (Source: Created by author
with data from City of Bowling Green Planning and Zoning 2015).
The majority of precipitation occurs between December and May with the
average precipitation being 131 centimeters annually with an average temperature of
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13.9 °C (NOAA 2019). The geology is comprised entirely of the St. Louis, the St.
Genevieve, and Girkin limestone formations, with the youngest layer being the Girkin
and the oldest the St. Louis. There are two layers of chert, known as the Lost River
Chert and Corydon Ball Chert, the latter of which is present at the contact between the
St. Louis and St. Genevieve formations (Palmer 2007). Bowling Green resides within
the Pennyroyal Sinkhole Plain, and much of it is developed atop the Lost River Chert
bed, which does not erode as easily as the limestone, allowing the City to remain
geologically stable for the most part (Ryan and Meiman 1996).
The UKARE Toolbox was applied to 55 active karst features within the city
limits of Bowling Green and primary water quality data were collected at ten sites within
the city boundary. The sample sites consisted of a variety of urban karst features, such as
injection wells, urban caves, and urban springs. The UKARE Toolbox was only applied
to the New Spring basin and, as a result, the selected injection wells are all from the
New Spring basin, due to the extensive amount of injection wells (over 2,500)
throughout the city, making it difficult to evaluate all injection wells within the scope of
this study. The top tier sampling sites for the Bowling Green study area are Barren
River, ByPass Cave, Carver Cave, Lost River Rise, and New Spring. The low tier
sampling sites in Bowling Green are Lost River Spring, 927 Payne Injection Well, 1126
Vine Injection Well, Whiskey Run Spring, and Durbin Estates Injection Well. The sites
are all connected to the groundwater system and contribute to the main surface stream,
the Barren River. Figure 5.2 is a map of the sampling sites within the city limits. All
sampling sites are groundwater features, except for the Barren River, which was
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included as a groundwater feature because the river is predominantly fed through
groundwater sources.

Figure 5.2. Bowling Green, KY UKARE Sample Sites (Source: Created by the author
with data from City of Bowling Green Planning and Zoning 2015).
5.2.2 Tampa Bay Metropolitan Area, Florida
The Tampa Bay Metropolitan Area consists of four counties: Hernando, Pasco,
Hillsborough, and Pinellas, all located in the west-central region of Florida. The
population of the area is 3,091,399 and the largest city within the area is Tampa with a
population of 358,699 (American Community Survey 2014). Tampa Bay Metropolitan is
within the tropical biome, which allows for Florida’s warmer temperatures and rainfall.
The average temperature of the area is 23°C and the average rainfall in the region is 117
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centimeters (NOAA 2019). The area is developed on top of the Hawthorn Group as well
as the Ocala and Suwannee Limestone Groups, which have contributed to the formation
of the Floridan Aquifer, the primary karst groundwater aquifer for the state. The area has
a strong presence of springs and sinks throughout (Brinkmann et al. 2008). Figure 5.3
displays the land use of the area, which is predominantly commercial and residential
along the coast and rural land use moving inland, and the sample sites, which include a
variety of karst features, as well as surface water sites and karst windows. The springs of
the region are found mainly along the western coast. The UKARE Toolbox was applied
to 117 of these features and spot samples were taken from 45 of those features. Figure
5.4 is a map of the spot sampling locations and the extensive geographic diversity within
the study area compared to the geographic diversity of the sampling sites in the Bowling
Green study area.
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Figure 5.3. Tampa Bay Metropolitan Area, FL Landuse as of 2017 (Source: Created by
author with data from FGDL).

182

Figure 5.4. Tampa Bay Metropolitan Area, FL UKARE Sample Sites (Source: Created
by author with data from FGDL).
5.3 Methodology
5.3.1 Application of UKARE in Bowling Green, Kentucky and Tampa Bay Metropolitan
Area, Florida
During the study conducted by Kaiser (2019) Bowling Green, Kentucky and
Tampa Bay Metropolitan Area, Florida were used as case studies to determine what
parameters need to be monitored, what karst features should be sampled, and at what
resolution in order to utilize the UKARE Toolbox to help meet the needs of both
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stakeholders and the environment universally. The landscapes were inventoried, a KFI
conducted wherein all karst features were geo-inventoried (Stokes and Griffiths 2000),
compiled into an ArcGIS online maps for each study area, then the karst features within
the study areas were ground-truthed and evaluated using the developed threat,
vulnerability, and monitoring evaluation tools of the UKARE Toolbox. While groundtruthing and evaluating the features, GPS data points were taken on an iPad equipped
with cellular data using the ArcGIS Collector app. The information was stored in the
ArcGIS online application that contains a map layer of each study area and preexisting
karst features. During the KFI process, each karst feature in the study areas was
evaluated in order to determine which features are the most appropriate for monitoring
as well as have the greatest threat and vulnerability risk due to the urban environment.
Each karst feature was located from the map and was then given a score for monitoring,
threat, and the overall vulnerability of the feature. The UKARE Toolbox was also used
to select the ten water quality sampling sites in Bowling Green, which were used to
validate the developed toolbox through primary data collection to ensure the data-driven
development of the UKARE Toolbox. The UKARE Toolbox was applied to the Tampa
Bay Metropolitan Area alongside spot sampling of 45 sites in order to validate the
results of the UKARE Toolbox in this study area.
After the study areas were evaluated and scored, the data were exported from
ArcGIS online into Excel format. The data were then processed by filling in missing
information for criteria such as monitoring resolution, discharge measurements, and any
other criteria that were not able to be determined in the field. Data used to complete gaps
were compiled from USGS Water Watch, Kentucky Geological Survey, Florida
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Geological Survey, local public works departments, along with current and historical
data associated with the study areas. After the data for each study area were processed,
the scores for threat, vulnerability, and monitoring were calculated separately and then
standardized to a score of 0-100. Then the separate scores were added together and
standardized again to 0-100 in order to determine the final score of each feature within
the two study areas. The features were then ranked and the top scoring features are the
most suitable as monitoring sites. In order to validate this assumption in the Bowling
Green study area, five sites ranked in the top ten were selected and five sites ranked in
the next group of ten were selected, out of the 55 features evaluated, as sampling sites in
Bowling Green where water quality data were collected at a weekly resolution to
validate the UKARE Toolbox. To validate the UKARE Toolbox within the scope of this
study in the Tampa Bay Metropolitan Area, spot sampling was conducted at 45 features
out of the 117 features evaluated. The primary data collected were compared to the
UKARE Toolbox results in order to validate its effectiveness and accuracy.

5.3.2 Urban Water Quality Analysis in Bowling Green
Samples were collected from February 14, 2017, until December 17, 2018, at a
weekly resolution, and were able to capture seasonal and climatic variation over 46
consecutive weeks (e.g., significant rain events that produce at least 2.54 mm of
precipitation within thirty minutes) (Crawford 1989; Force 2000; Göppert and
Goldscheider 2007). Sample sites are noted in Table 5.1 and the sites consisted of a
variety of urban karst features. Injection well features and Carver Cave were sampled
using a well pump to extract the water sample. Spring features and Lost River Rise were
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sampled at the resurgence outlet directly. ByPass Cave was sampled from the cave
stream located 10 meters from the entrance. The Barren River was included as a sample
site, even though it is a surface water feature because it is predominantly fed by
groundwater. Water samples for the Barren River were collected along the edge of the
riverbank.
Table 5.1. Bowling Green, KY Weekly Sampling Sites (Created by Author).
ByPass Cave

Whiskey Run Spring

Barren River

927 Payne Injection Well

1126 Vine Injection Well

Durbin Estates Injection Well

New Spring
Lost River Spring

Lost River Rise
Carver Cave

Table 5.2 displays the sampling parameters that were collected and analyzed
weekly. These parameters were selected as indicator parameters of groundwater
contamination used throughout the literature (Crawford 1985; Abbasi and Abbasi
2012; Nedvidek 2014). All analyses were conducted at HydroAnalytical Lab, USDA
Agriculture Research Services lab, and Western Kentucky University’s Advanced
Materials Institute (AMI) as noted in Table 5.2. Analyses will also be conducted in the
field using the indicated equipment.
Table 5.2. Water Quality Analyses Conducted in Bowling Green, KY (Created by
Author).
Test

Treatment

Preservative

E. coli
Anions

Filtered with .45
microns

Cations

Filtered with .45
micron

Oil and
Grease

Sample
Size

Analytical Method

Lab

100mL

EPA Colilert-18

Hydro

50mL

SM 4110 B-2011
(Ion
Chromatography)
EPA 200.7 Rev 4.4
(Dionex Method)

Hydro

EPA 1664 A
Stepsaver

Hydro

HNO3

50mL

HCl

1000mL
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AMI

Chemical
Oxygen
Demand
Biological
Oxygen
Demand
Total Organic
Carbon

H2SO4

50 mL

EPA HACH 8000

Hydro

1000 mL

SM 5210 B-2011

Hydro

50 mL

SM 5310 B-2011

Hydro

1000 mL

Plating

USDA
ARS

ProDSS

Field

Temp

ProDSS

Field

Conductivity

ProDSS

Field

Dissolved
Oxygen

ProDSS

Field

10 mL

DR900

Field

10 mL

DR900

Field

10 mL

DR900

Field

H2SO4

Antibiotic
Resistant
Bacteria
pH

Turbidity
Chlorine

HACH DPD Total
Chlorine
Reagent

TSS

5.3.3 Urban Water Quality Analysis in Tampa Bay Metropolitan Area
Samples were collected over a two-week period from January 3, 2019, to January
9, 2019, at 45 sites using a spot sample approach. In this study area there is commonly a
large influx of tourist during the winter season beginning in January, which can greatly
change the inputs into the groundwater. This influx also increases the impact pollutants
can have on human health with an increase in susceptible populations. The samples were
only collected once at each site to provide a snapshot of the water quality to validate the
UKARE Toolbox within the scope of this study and at a resolution likely possible by
most initial studies. Further collection of water samples in the summer season will need
to be conducted in a future study to create an accurate representation of the groundwater
quality issues in this area with respect to seasonal demographic trends. Samples were
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collected directly from the source and no external equipment was required to collect
water samples. Sample Sites are noted in Table 5.3.
Table 5.3. Tampa Bay Metropolitan Area, FL Spot Sample Sites (Source: Created by
Author).
Surrey Sink
Bobhill Spring
Homosassa Spring
Crab Creek Spring
Jenkins Creek Spring
Salt Springs
Eagles Nest Sink
Blue Spring
The Lost 40 Cave
Twin Dees Sink
Palm Sink
Brett’s Toilet Bowl Spring
Tarpon Spring
Health Spring
Lithia Spring
Buckhorn Spring 396
Double Spring
Floral City Cave
Honda Sink
Sulphur Spring
Purity Spring
Ulele Spring
Palma Ceia Spring

Garden World
Bluebird Spring
Chassahowitzka Spring
Hospital Spring
Mud Spring
Wilderness Spring
Lake Tarpon Sink
Mary/Joe’s Sink
Weeki Wachee Spring
Wayne’s World
Hudson Grotto Sink
Cauldron Spring
Whitcomb Spring
Lemon Sink
Boyette Spring
Eureka Spring
I-75 Sink
Hillsborough River Upstream
Jasmine Sink
Alan Wright Spring
Lowery Park Spring
Hillsborough River Downstream

Table 5.4 displays the sampling parameters that were collected. A more focused
suite of parameters was applied in the Tampa Bay Metropolitan Area, partially as a
result of primary data collected in Bowling Green indicating what parameters are
relevant to urban water quality, along with problematic parameters analyzed in
preexisting studies throughout the study area and field limitations. Sampling parameters
can be added and adapted as needed in order to develop site specific monitoring. The
UKARE Toolbox suggest an initial suite of parameters, but areas can customize
parameters in accordance with historical data and known water quality issues. Total
nitrogen was included in the Tampa Bay Metro Area sampling suite because it is
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historically an issue within the study area. Parameters such as chemical oxygen demand
were not included in this study area because it was not a major concern in other urban
karst areas and historically was not a concern. All analyses were conducted at
HydroAnalytical Lab, USDA Agriculture Research Services lab, and Western Kentucky
University’s Advanced Materials Institute (AMI) noted in Table 5.4. Analyses will also
be conducted in the field using the necessary equipment.
Table 5.4. Water Quality Analyses Conducted in Tampa Bay Metropolitan Area, FL
(Source: Created by Author).
Test

Treatment

Preservative

E. coli
Anions

Filtered with
0.45 microns

Cations

Filtered with
0.45 micron

Sample
Size

Analytical Method

Lab

100mL

EPA Colilert-18

Hydro

50mL

SM 4110 B-2011
(Ion
Chromatography)
EPA 200.7 Rev 4.4
(Dionex Method)

Hydro

HNO3

50mL

Oil and Grease

HCl

1000mL

EPA 1664 A
Stepsaver

Hydro

Total Organic
Carbon

H2SO4

50 mL

SM 5310 B-2011

Hydro

Total Nitrogen

H2SO4

1000 mL

HACH Method
10071

Hydro

1000 mL

Plating

USDA
ARS

pH

ProDSS

Field

Temp

ProDSS

Field

Conductivity

ProDSS

Field

Dissolved Oxygen

ProDSS

Field

10 mL

DR900

Field

10 mL

DR900

Field

10 mL

DR900

Field

10 mL

DR900

Field

Antibiotic
Resistant Bacteria

Turbidity
Chlorine
Nitrate

HACH DPD Total
Chlorine
Reagent
HACH NitraVer 5
Nitrate Reagent

TSS
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AMI

5.3.4 Extraction of Antibiotic Resistant Bacteria
To prepare samples for bacterial prevalence and DNA extractions, the maximum
available volume of collected water sample from each sample site was filtered through
duplicate 0.45 micron filter papers (Advantec MFS, Inc., Japan) for bacterial prevalence
and 0.22 micron filters (Advantec MFS, Inc., Japan) for DNA extractions, which will be
completed outside the scope of this study. Filtering was done so that the bacterial cells
from the water would collect on the filter paper, concentrating the total amount of
bacterial cells from the water sample for downstream applications to identify the
bacteria present in the sample. Samples were filtered through a filtration unit that was
sterilized using sterile techniques of 70% ethanol rinse followed by a deionized water
rinse of the filter apparatus prior to each sample site filtration and the apparatus was also
sterilized in between weekly filtrations with an autoclave.
The method used by Agga et al. (2015) was applied to this study in order to
establish the determination of bacterial prevalence, pre-enrichment cultures were
prepared by adding the two 0.45 micron filter papers with the concentrated bacterial
cells from water samples to 30 mL Buffered Peptone Water (BPW, Becton, Dickinson
and Company, Franklin Lakes, NJ). Pre-enrichment broths were incubated at 25°C for
two hours, then at 42°C for six hours, and then held at 4°C until processed the next day.
For the enrichment of Salmonella, a one mL aliquot of the enriched cultures was mixed
with 20 microliters of Salmonella specific immunomagnetic separation beads
(Dynabeads, Thermo Fisher Scientific, Inc. Waltham, MA). Salmonella was then eluted
into 3 mL of Rappaport Vassiliadis (RV, Remel, Lenexa, Kansas) and incubated at 42°C
for 18-24 hours (Nou et al. 2006). For E. coli, 0.5 mL of the enriched culture was
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inoculated to 2.5 mL of MacConkey broth (MCB, Becton, Dickinson and Company,
Franklin Lakes, NJ), MCB supplemented with 2 mg/L of cefotaxime (MCB+CTX), and
MCB supplemented with 16 mg/L of tetracycline (MCB+TET) and incubated at 42°C
for 18 hours (Schmidt et al. 2014). For enterococci, 0.5 mL of the enriched culture was
transferred to 2.5 mL of Enterococcosel broth (ECB, Becton, Dickinson and Company)
ECB supplemented with 8 mg/L of erythromycin (ECB+ERY), and ECB supplemented
with 16 mg/L of tetracycline (ECB+TET) and incubated at 37°C overnight. Following
incubation, RV broth enrichment cultures were swabbed onto xylose lysine
deoxycholate agar (Remel, Lenexa, MO) containing 4.6 mg/L of tergitol, 15 mg/L of
novobiocin and 5 mg/L of cefesulodin (XLDtnc) plates and incubated at 37°C for 18-24
hours. MCB, MCB+CTX, and MCB+TET E. coli enrichments were swabbed onto
modified membrane Thermotolerant E. coli media (mTEC, Becton, Dickinson and
Company, Franklin Lakes, NJ), mTEC+CTX and mTEC+TET plates, respectively, and
incubated at 37°C for 18-24 hours. ECB enterococci enrichments were swabbed onto
Slanetz and Bartley Medium (SBM, Oxoid, Thermo Fisher Scientific, Inc. Waltham,
MA), SBM+ERY, SBM+TET and plates and incubated at 35°C for 4 hours, then at
44°C for 48 hours. The enriched cultures were also plated onto CHROMagar™ ESBL
Chromogenic Media (ESBL, Paris, France) to select for gram-negative bacteria
producing Extended Spectrum Beta-Lactamase, and CHROMagar™ KPC Chromogenic
Media (KPC, Paris, France) to select for gram-negative bacteria resistant to
carbapenems. Up to two bacterial isolates were presumptively isolated based on
characteristic appearance on the respective selective media, which will be confirmed by
using previously described PCR methods for Salmonella, E. coli, and enterococci within
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a study outside of the timeline of the current study based on the cited methods (Rahn et
al. 1992; Deasy et al. 2000; Nucera et al. 2006; Horakova et al. 2008). The antibiotic
resistances included in this study consist of antibiotics that are urban specific and are
contributing to urban specific antibiotic resistant bacteria.

5.4 Results and Discussion
5.4.1 Bowling Green UKARE and Water Quality Analyses
The UKARE Toolbox was initially applied in Bowling Green, Kentucky to
validate and further the development of the tools within the Toolbox in order to create a
holistic and universal tool for the management of urban karst groundwater through
effective monitoring. This was a small-scale application of the Toolbox in order to
determine the applicability and effectiveness of the scoring system. Water quality data
exist for this area and the study conducted in Chapter 4 applying the UKARE Toolbox
was compared to the historical data, but there is still a large gap in the understanding of
the impacts of urbanization on water quality, as demonstrated through this study. Figure
5.5 is a visualization of the UKARE Toolbox total feature scores for this region. This
analysis shows high scoring features in the warm color scale and low scoring features in
lighter colors of the warm color scale. Areas that have several low scoring sites causes
light color clustering spots, and high scoring sites clustered together are displayed by a
larger cluster. The main cluster on the map is the cluster of injection wells within the
single basin. If all the injection wells were evaluated in this study, the clustering would
be more evenly distributed, but that was not possible in the scope of this study. The
UKARE Toolbox map is designed only as a visualization tool to display areas of need
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and general location of active karst features in the study area, but the numeric scores
should be referenced when selecting features for monitoring and overall management
planning (see Appendix 2).
The highest scoring features include the Barren River, ByPass Cave, State
Trooper Cave, Carver Cave, Petty Well, Lost River Rise, Greenwood Cave, and New
Spring. A common trend between these features is that they are a main drainage feature
with multiple inputs contributing to their overall flow and groundwater quality. A few
on the injection wells within the high-end scoring features include 1126 Vine Injection
Well, Marita Manner Injection Well, and 927 Payne Injection Well. The majority of the
injection wells received the same score because they are in residential areas with similar
threats, vulnerability, and monitoring capabilities, but the high scoring wells were
impacted by commercial and industrial land use, which was reflected in their UKARE
Toolbox score. The lowest scoring features include several of the Class V injection
wells, such as Durbin Estates, 1203 Sharon, and 1001 Adams, which are all in
residential areas with low populations.
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Figure 5.5. 2019 UKARE Results for Bowling Green Application (Source:
Created by Author).
Of the high scoring features, the Barren River, ByPass Cave, Carver Cave, Lost
River Rise, and New Spring were sampled and the primary data collected support the
results of the UKARE Toolbox scoring. These sites had metal results exceeding the
regulatory limits established by the State of Kentucky Drinking Water, Natural Waters,
or the World Health Organizations Drinking water regulations (Figures 5.6 and 5.7).
These sites were also scored higher because they fed a drinking water source, making
the presence of harmful pollutants more concerning. The lower scoring sites sampled
were 927 Payne Injection Well, 1126 Vine Injection Well, Whiskey Run Spring, and
Durbin Estates Injection Well, which also reflected the effectiveness of the UKARE
Toolbox, as these sites had fewer contaminants and those that did exceed the set
regulations were not as concerning, because the features are not the primary inputs into
the City’s drinking water source. Sites at 927 Payne and 1126 Vine scored in the upper
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tier, but not in the top ten, and the primary data collected supports this scoring, because
the water quality of these features is impacted, but they are not directly feeding a
drinking water source and that impacted their overall UKARE Toolbox score and need
to be managed. The hydrology of 1126 Vine Injection Well changed throughout the
study and water was no longer present after August 2018. The injection well still
functions as a drainage feature, but the pooling of water could have been a part of a
perched aquifer and after the geology changed, or the sites become less obstructed, the
water began moving directly into the established groundwater table. This site only has
29 weeks of sampling, while the other sites have 46 weeks of continuous sampling as
noted in the figures.

Figure 5.6. Bowling Green Sampling Sites Arsenic Levels at Weekly Sampling
Resolution (Source: Created by Author).
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Figure 5.7. Bowling Green Sampling Sites Lead Levels at Weekly Sampling Resolution
(Source: Created by Author).
The primary drinking water standards for the state of Kentucky established for
the pollutants in Table 5.5 were utilized, along with secondary standards and the World
Health Organization’s drinking water regulations, to validate the application of the
UKARE Toolbox with respect to primary water quality data. The UKARE Toolbox
scores were validated by comparing the primary water quality data with established
regulatory limits for drinking water because the features within the study areas
contribute to source water and the presence of contaminates has potential to impact
public health. The pre-established regulations remove user bias in the validation process
and allow the sample site’s UKARE Toolbox score to be supported through primary
data. It was determined that there are predominantly water quality issues for the karst
features in the top tier of the UKARE Toolbox scoring through the primary data
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collection. The lower scoring features exhibit some water quality issues as well, but not
to the same extent as the high scoring features, which validates the UKARE Toolbox
total scores and also indicates water quality needs within Bowling Green.
Of the 46 weeks sampled, every site exceeding the state of Kentucky Drinking
Water Regulation for arsenic (0.01 mg/L) at least once, which would have been missed
at a lower sampling resolution. Since all of the evaluated sites in Bowling Green
contribute to the City’s drinking water source or downstream sources, the consistent
presence of arsenic throughout the water table is concerning for human health (CCKS
2006). The continuous presence at the high scoring sites (Barren River, ByPass Cave,
Carver Cave, Lost River Rise, and New Spring) and the occasional presence at the low
scoring sites (Whiskey Run Spring, Durbin Estates, 927 Payne, and 1126 Vine) validates
the results of the UKARE scores. The injection well features occasionally had higher
concentrations than the higher scoring features, which could be the result of
sedimentation in the wells since there is no natural flow to move the sediments unless a
larger storm event pulses the well. The pollutants, such as metals, bacteria, etc., can
reside in the sediment for long periods of time (Guo et al. 2010) and accumulate in these
features, unlike in naturally flowing features within the area, such as springs, which are
continuously flushing sediment.
The overall water quality of the parameters analyzed to justify the UKARE
Toolbox scoring and the characteristics of the injection wells is a matter that will need to
be further addressed in future renditions of the UKARE Toolbox in order to
accommodate this manmade urban karst feature. The continuous presence trend seen in
arsenic values is also displayed in the weekly presence of lead at the high scoring sites
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and a presence at the low scoring sites indicates that the presence of lead is an issue for
the groundwater quality of the study area that needs to be addressed in a management
plan. The World Health Organization established a regulatory limit of 0.01 mg/L of lead
in drinking water sources, which is a more stringent regulation than the state of
Kentucky’s Drinking Water Regulation (0.015 mg/L).
Table 5.5. Percentage of Bowling Green Sample Sites That Exceed the Regulatory
Limit of the Pollutant. MCLs noted in parenthesis beside parameter (Source: Created by
Author).
Percent of weekly samples exceeding primary drinking water regulatory limits
Site

E. coli (0
MPN/100mL)

Fluoride (1.5
mg/L)

Iron (0.3
mg/L)

Lead (0.01
mg/L)

Chloride
(250 mg/L)

Arsenic
(0.01 mg/L)

ByPass Cave

98

0

22

17

2

30

93

0

17

11

0

24

Durbin
Estates
Barren River

98

0

9

24

0

30

Carver Cave

85

0

6

22

0

39

Lost River Rise

100

0

7

22

0

28

New Spring

100

0

4

20

0

39

Whiskey Run
Spring

96

0

9

17

0

28

76

0

9

28

0

33

20

0

9

30

0

33

100

14

72

34

0

21

91

0.9

14

22

0.2

31

Lost River
Spring
927 Payne
Injection Well
1126 Vine
Injection Well
Total

A continuous trend of certain parameters (lead, antimony, selenium, iron,
thallium, nitrate, and E. coli) is seen throughout the entire aquifer, because there is a
presence at every feature regardless of the UKARE Toolbox score. The high scoring
features had a stronger continuous presence on a weekly basis than low scoring features,
which validates the scoring system, but these parameters need to be regulated and
managed throughout the study area in order to prevent further groundwater
contamination. Due to the high connectivity in this study area, effective management at
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the high scoring features could significantly reduce contaminants throughout the entire
aquifer system.
Table 5.6 displays descriptive statistics of the most impactful sampling
parameters to the sampling sites and along with the continuous presence spikes
throughout the sampling period can be isolated. A maximum value of 41,060 MPN/100
mL of E. coli at ByPass Cave and a minimum of 20 MPN/100 mL (Most Probable
Number of viable bacteria cells in 100 mL) indicates how rapidly pollutants move
throughout the karst system. The extensive variability throughout the sampling period
also indicates the importance of sampling resolution in urban karst areas. Parameters
that have high variability, such as E. coli, total suspended solids, turbidity, metals, and
anions, should likely be monitored at a higher resolution than parameters that remained
consistent from week to week, such as oil and grease, biological oxygen demand, and
chemical oxygen demand, but each site may vary.
A constant presence of pollutants exceeding established regulatory limits is a
threat to environmental and human health, which cannot be effectively managed in
urban karst areas without high-resolution monitoring, which is supported by this study
and others (Nedvidek 2014). The application of the UKARE Toolbox was utilized to
select sampling sites and the collection of primary water quality data was used to
validate the site selection. Water Quality issues exist throughout the aquifer, but the goal
of the UKARE Toolbox is to determine which features are in the most need of a
management and monitoring plan to protect groundwater quality. The primary data
collected in this study area indicates the impact of urbanization on karst groundwater,
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which was supported by the sampling sites determined through the application of the
UKARE Toolbox.
Table 5.6. Descriptive Statistics of Bowling Green Sampling Sites (Source: Created by
Author).

The presence of antibiotic resistant bacteria is also an emerging concern in the
City of Bowling Green, and these data were also utilized to validate the UKARE
Toolbox scores and determine potential threats to the study area groundwater. Bacteria
resistant to ESBL are typically resistant to carbapenems, fosfomycin, beta-lactamase
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inhibitors, nonbeta-lactam antibiotics, and colistin, which are used when other
medications have failed (CDC 2013). The presence of ESBLs resistant bacteria
continuously throughout the study at all sites is concerning for urban groundwater
resources, as it indicates the growing impact urbanization is having on water resources
and public health (Vikesland et al. 2019). KPC resistant bacteria are resistant to nearly
all antibiotics and infection typically results in death making the presence of this
bacteria continuously throughout the study and the entire study area, concerning for
water resources and public health in this area (CDC 2013).
The CDC (2013) considers bacteria resistant to ESBL as a threat level serious
resistance and its presence in Bowling Green’s groundwater is a threat to human health.
The most concerning bacteria resistant to ESBL in Bowling Green are Pseudomonas and
E. coli, which are both commonly found in the environment and can have negative
impacts on human health. The constant presence of these bacteria, and the other bacteria
analyzed, at all sampling sites that are resistant to ESBL is of major concern for the
groundwater quality in this area. Research still needs to be conducted on the negative
impacts of these resistant bacteria to human health, but a positive presence during any
sampling event is an indicator of negative urban impacts to groundwater quality. The
greater presence of these antibiotic resistant bacteria at the higher scoring sites not only
indicates the impact of urbanization but also supports the results of the UKARE Toolbox
scores. There are no set regulations for emerging pathogens, but a general presence of
these bacteria is a threat to human health and the overall negative impact of antibiotic
resistance can be implied to validate the UKARE Toolbox scores (CDC 2013).
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Table 5.7. Percent of Samples Positive for ESBLs Resistance in Bowling Green, KY
(Source: Created by Author).

The CDC (2013) considers bacteria resistant to KPC as a threat level urgent
resistance and its presence throughout the aquifer is a threat to human health. Bacteria
resistant to KPC is a serious threat to public health since the bacteria become resistant to
all or nearly all antibiotics, and infection typically results in death. In Bowling Green,
Pseudomonas and Acinetobacter bacteria are consistently present weekly and at each
study site. These types of bacteria are commonly found in the environment and their
developed resistance is concerning (Agga et al. 2015). The consistent presence of
bacteria resistant to KPC throughout the study area not only threatens human health, but
can be an indicator or urban pollution as pharmaceuticals and personal care products are
being introduced to the groundwater, thus allowing the growth of these emerging threats.
These data indicate that regulations need to be established for the input of
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pharmaceuticals and personal care products to the groundwater system through leaking
septic tanks, leaking sewer lines, improper disposable of medical waste, and other inputs
in order to manage and prevent further development of antibiotic resistant bacteria in
urban karst groundwater. The selection of the sampling sites is supported by the
continuous presence of these threatening antibiotic resistant bacteria.
Table 5.8. Percent of Samples Positive for KPC Resistance in Bowling Green, KY
(Source: Created by Author).
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Table 5.9. Percent of Samples Positive for Antibiotic Resistance in Bowling Green, KY
(Source: Created by Author).

The presence of bacteria resistant to generic antibiotics strengths the need for
further research and regulations on the disposal and limits of personal care products and
pharmaceuticals allowed in the groundwater system. There is a high presence of
resistant bacteria across all ten sites weekly, including both high and low scoring sites,
making these pollutants of concern. They are consistently present in the groundwater
system and pose a threat to groundwater quality at all features. The positive trend
associated with all the antibiotic resistant bacteria tested is also an indicator for the need
of regulation and more effective monitoring and management plans for the protection of
groundwater resources in urban karst areas.
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A continuous trend of groundwater contamination can be seen for majority of the
sites and this data not only validates the UKARE Toolbox scoring for this study area,
but can contribute to the development of an area and site-specific monitoring and
management plan because the problematic pollutants are defined for each sampling site.
The suite of parameters collected for this study area is designed to be an indicator suite
for interested stakeholders to have a starting point when determining what needs to be
monitored. From here, future studies can focus on a more specific suite of parameters
that not only meets the interest of stakeholders, but are relevant to the urban karst area
and its management needs.

5.4.2 Tampa Bay Metropolitan Area UKARE and Water Quality Analyses
In order to validate and further develop the UKARE Toolbox as a universal tool,
it was applied in a coastal urban karst region to model another common urban karst
landscape. The Tampa Bay Metropolitan Area has a larger urban presence, which
allowed for different impacts than Bowling Green to be evaluated that can have a
different impact to the overall water quality. Due to the large study area, watershed
boundaries were considered in order to incorporate landuse impacts outside of the study
area. A large portion of the study area also has agricultural landuse, which contributes to
the watershed of features within the urban region. The Tampa Bay Metropolitan Area is
defined as urban according to the U.S. Census Bureau’s definition of urban (US Census
Bureau 1995). The varying landuse within the study area may impact the water quality
of more urbanized features due to their recharge area. Water quality data exist for this
area, but there is still a large gap in the understanding of the impacts of urbanization on
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water quality as was seen through this study. Figure 5.8 is a visualization of the UKARE
Toolbox score for this region. After the scores were standardized the counts and
amounts (color) analysis was applied to the standardized score for the study area. The
hot spots represent high scoring features and clusters of high scoring features. The
highest scoring features include Buckhorn Spring 396 and the rest of the spring
complex, Messer Spring, Hillsborough River, Tarpon Spring, Boyette Spring, Jenkins
Creek Spring, and Homosassa Spring to list a few in the top ranks, which are displayed
by the warm color scale. The lowest scoring features include Cauldron Spring, Gator
Spring, Brett’s Toilet Bowl, Orchid Sink, and Eagles Nest to list a few, which are
displayed using light colors of the warm color scale. The visualization of the data
provides a general idea of areas of concern within the study area, but the numeric score
allows for the selection of specific sampling sites within the areas of concern to be
monitored (Appendix 2).

206

Figure 5.8. UKARE Results for Tampa Bay Metropolitan Area Application (Source:
Created by Author).
Of the high score features Buckhorn 396, Tarpon Spring, Boyette Spring,
Hillsborough River, Jenkins Creek Spring, and Homosassa Spring were sampled and the
primary data collected supported the results of the UKARE Toolbox scoring. These sites
had anion and metal results exceeding the regulatory limits established by the EPA
Groundwater Rule (Figures 5.9, 5.10, and 5.11). These sites were also scored higher
because they fed a drinking water source making the presence of harmful pollutants
more concerning that lower scoring sites that may have similar contaminants, but may
not be used for drinking water resources. The lower scoring sites sampled were
Cauldron Spring, Brett’s Toilet Bowl, and Eagles Nest, which also reflects the
effectiveness of the UKARE Toolbox as these sites had fewer contaminants and the
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contaminants that did exceed the set regulations were not as concerning, because these
features are not utilized as a drinking water source.
Table 5.10. Tampa Bay Metropolitan Area Spot Sample Sites Graph Code (numbers in
Figures 5.9-5.11 correspond to features listed here; Source: Created by Author).
1=Surrey Sink

2=Garden World

3=Bobhill Spring

4=Bluebird Spring

5=Homosassa Spring

6=Chassahowitzka Spring

7=Crab Creek Spring

8=Hospital Spring

9=Jenkins Creek Spring

10=Mud Spring

11=Salt Springs

12=Wilderness Spring

13=Eagles Nest Sink

14=Lake Tarpon Sink

15=Blue Spring

16=Mary/Joe’s Sink

17=The Lost 40 Cave

18=Weeki Wachee Spring

19=Twin Dees Sink

20=Wayne’s World

21=Palm Sink

22=Hudson Grotto Sink

23=Brett’s Toilet Bowl Spring

24=Cauldron Spring

25=Tarpon Spring

26=Whitcomb Spring

27=Health Spring

28=Lemon Sink

29=Lithia Spring

30=Boyette Spring

31=Buckhorn Spring 396

32=Eureka Spring

32=Double Spring

34=I-75 Sink

35=Floral City Cave

36=Hillsborough River Upstream

37=Honda Sink

38=Jasmine Sink

39=Sulphur Spring

40=Alan Wright Spring

41=Purity Spring

42=Lowery Park Spring

43=Ulele Spring

44=Hillsborough River Downstream

45=Palma Ceia Spring
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Figure 5.9. Tampa Bay Metropolitan Lead Levels at Spot Sampling Sites (Source:
Created by Author).

Figure 5.10. Tampa Bay Metropolitan Arsenic Levels at Spot Sampling Sites (Source:
Created by Author).
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Figure 5.11. Tampa Bay Metropolitan Sodium and Chloride Levels at Spot Sampling
Sites (Source: Created by Author).
Of the 45 sites sampled, 31(69%) exceeded the Groundwater Rule regulation for
lead (0.015 mg/L), including the high scoring sites utilized as drinking water
(Homosassa Spring, Tarpon Spring, Buckhorn Spring, and Boyette Spring), which
validates the application of the UKARE Toolbox and resulting scores in this study area.
The threat to public health is concerning given its presence in over half of the sample
sites from only one sampling event. As a result of the application of the UKARE
Toolbox, the development of effective management plans can focus on a higher
sampling resolution, which could provide awareness of this issue for interested
stakeholders and encourage a proactive approach to the issue now that it is recognized.
Of the 45 sites sampled for arsenic, 42 sites (93%) exceeded the Groundwater Rule
regulation (0.01 mg/L). The presence of arsenic in the groundwater is harmful to human
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health and difficult to extract from drinking water. This is another pollutant that needs a
proactive approach to management in order to understand and prevent future
contamination issues.
Another concern for this study area is saltwater intrusion in recreational and
drinking water sources. The introduction of saltwater to freshwater springs indicates an
overused aquifer and can threaten the quantity of available freshwater resources. Of the
45 sites sampled, 15 (33%) had values of chloride (250 mg/L) and sodium (160 mg/L)
that exceeded the set Groundwater Rule regulations, which is evidence of a growing
issue of concern. The threat of saltwater intrusion to urban karst aquifers is a major
concern for public health (Vineis et al. 2011). The reduction of the freshwater resources
associated with karst aquifers reduces available drinking water and increases the cost of
drinking water, as new purification methods will be required to make the water
consumable negatively impacting communities' health and affordable water resources.
Other parameters exceeding the set regulations include: antimony (0.006 mg/L)
with 26 sites (58%) exceeding, E. coli (0 MPN/100mL) with 36 sites (80%) exceeding,
fluoride (4 mg/L) with 17 sites (38%) exceeding, sulfate (250 mg/L) with 8 sites (18%)
exceeding, mercury (0.002 mg/L) with 9 sites (20%) exceeding, selenium (0.05 mg/L)
with 42 sites (93%) exceeding, silver (0.1 mg/L) with 9 sites (20%) exceeding, thallium
(0.002 mg/L) with 31 sites (69%) exceeding, and a presence of nutrients such as nitrate
and nitrite at all 45 sites. The presence of these pollutants is an indicator of urban
pollution, which has a negative impact on karst groundwater quality. Similar to the
Bowling Green study area, the primary data collected not only support the UKARE

211

Toolbox scoring system, but help focus the next steps in developing effective
management plans for urban karst groundwater.
Emerging pathogens, particularly antibiotic resistant bacteria, are an increasing
threat to groundwater quality. There are no set regulations for these contaminants
because their presence and effect on human health are still being studied. A variety of
different indicator pathogenic and antibiotic resistant bacteria were examined in this
study (Table 5.11).
Table 5.11. Percent of Tampa Bay Metropolitan Area, FL Sites Positive for Antibiotic
Resistance (Source: Created by Author).
Antibiotic
Resistant
Bacteria

Percent of
Sites
Positive

Antibiotic
Resistant
Bacteria

Percent of
Sites
Positive

ESBLs Resistant
Acinetobacter

73

KPC Resistant
KEC

49

ESBLs Resistant
Pseudomonas

96

KPC Resistant
E.coli

71

ESBLs Resistant
KEC

20

Tetracycline
Resistant E.coli

33

ESBLS Resistant
E.coli

33

3rd generation
cephalosporin
Resistant E.coli

13

KPC Resistant
Acinetobacter

47

KPCPseudomonas

93

Erythromycin
Resistant
Enterococci
Tetracycline
Resistant
Enterococci

40

40

As stated, bacteria resistant to ESBL are typically resistant to carbapenems,
fosfomycin, beta-lactamase inhibitors, nonbeta-lactam antibiotics, and colistin, which
are used when other medications have failed (CDC 2013). The presence of ESBLs
resistant bacteria of this vast array of resistances is concerning for urban groundwater
resources as it is an indicator of how the growing urbanization is impacting water
resources and public health. KPC resistant bacteria are resistant to nearly all antibiotics,
and infection typically results in death making the presence of this bacteria in a single
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sampling event, throughout the entire study area, concerning for water resources and
public health.
There is a ubiquitous presence of resistant bacteria across all 45 sites, including
both high and low scoring sites, making these pollutants of concern. They are
consistently present in the groundwater system and pose a threat to groundwater quality
and human health at all features, with a strong presence at high scoring features. The
continual occurrence of these bacteria throughout the aquifer threatens general water
quality and drinking water quality. The continual presence across the entire study area
from spot sampling also indicates the antibiotic resistant bacteria are present throughout
the aquifer and majority of drinking water resources. If the antibiotic resistance is
present in the genetic makeup of the bacteria, it can still negatively impact human health
after purification (Tenover 2006). The bacteria killed through drinking water
purification still possesses the resistant genes, which can be absorbed by other bacteria
in the human system, allowing that bacteria to now be resistant (Tenover 2006). This is a
serious threat to human health, and regulations need to be established in order to prevent
this threatening emerging pathogen. Their presence in the water can potentially harm
human health by reducing the effectiveness of high strength antibiotics. Recognizing
their presence and continuing to understand the effect they have on human health are the
next steps in developing regulations and management plans to control this emerging
contaminant in karst aquifers.
The primary water quality data collected in the Tampa Bay Metropolitan Area study
area was a single snapshot of the groundwater quality. The spot sampling conducted in
this area does not display continuous trends of groundwater quality issues, but was used
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to validate the UKARE Toolbox total scores of the area and be utilized as background
data for further data collection in this area. To remain within the scope of this study, a
higher resolution of sampling was not possible in this area, but the data supports the
application of the UKARE Toolbox on a large scale, urban karst area and has provided
background of preexisting and emerging groundwater contamination issues. The overall
purpose of the primary data collected was to validate the UKARE Toolbox scoring
system, which was achieved in both study areas, but the data can also contribute to the
further development of effective management plans in order to properly protect urban
karst groundwater quality.

5.5 Implications of the UKARE Toolbox and Water Quality Analysis
As a result of water pollution, regulations have been implemented in order to
help preserve the quality of water resources for human and ecological purposes. In the
U.S., this movement began with the EPA’s Clean Water Act (1972), which sets
regulations and restrictions on pollutants to help improve water quality. Some of these
regulations control pollutants caused by industry, wastewater, stormwater runoff, and oil
and grease spills (EPA 2013). In compliance with the Clean Water Act, the Safe
Drinking Water Act (Tiemann 2011) ensures quality drinking water by pollution
prevention. Within the Safe Drinking Water Act, there is an Underground Injection
Control (UIC) program, which provides for the use of Class V Injection Wells for
management of stormwater (EPA 1999). The main threats to water quality result from
industry, agricultural, stormwater runoff, and the introduction of septic waste, all of
which can infiltrate into groundwater causing contamination (Donaldson 2004). These
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regulations are usually enforced through permits and inspections to ensure permit
holders are meeting compliance (EPA 2013). Even though minimal regulations exist
addressing the protection of karst environments, protection is also necessary for
groundwater resources (Parise and Sammarco 2015). Groundwater is regulated in some
states, such as Kentucky and Florida, by local regulations and indirect enforcement, but
karst environments are often more sensitive to impacts than surface environments.
The initial suite of parameters utilized in Bowling Green was selected from
historical data and suites used throughout the literature for water quality monitoring
(Abbasi and Abbasi 2012; Nedvidek 2014). After the extensive collection of water
quality data in Bowling Green, the sampling parameters were prioritized and a more
focused suite of parameters was selected for the Tampa Bay Metropolitan Area in order
to focus on common pollutants in urban karst groundwater. The UKARE Toolbox aided
in site selection and high-resolution sampling of a large suite of parameters at targeted
sites in both study areas allowed for the development of a recommended suite of
parameters for urban karst groundwater that was utilized in this study. Sites can be
selected from high and low scoring features to meet the interest of stakeholders and
consist of broad or tightly grouped monitoring sites. Monitoring plans can be developed
based on priority of features, geography, etc., but features in close proximity with
similar UKARE scores can provide a similar idea of the groundwater quality in that area
and broader sampling locations can provide a better representation of the aquifer. A
combination of high and low scoring sites can also make for an effective management
plan to ensure the quality of low impact features as well as maintaining control sites.
The UKARE Toolbox is only an aid for managers and their own judgement and interest
215

will be needed for selecting final monitoring locations and plans. This recommended
suite can be utilized, alongside the UKARE Toolbox, to determine the groundwater
quality issues of a study area, which can be further analyzed in response for remediation.
The UKARE Toolbox incorporates the many facets needed to develop management
plans and the Tools can be utilized individual to meet the stakeholder’s needs, but are
the most effective together. There is a need for monitoring water quality in urban karst
landscapes because of the sensitivity of the landscape to pollution and the threats
associated with urbanization (White 1988; Parise and Pascali 2003; Davraz et al. 2009;
Nedvidek 2014). Another needed approach for accurate urban karst groundwater
monitoring is storm sampling to capture the first-flush event within the study area as a
monitoring approach along with baseflow monitoring. The application of the UKARE
Toolbox and the primary data collected in this study further support this need for high
resolution monitoring in urban karst landscapes in order to protect the groundwater
quality in these areas to ensure the protection of environmental and public health.

5.6 Conclusion
The application of the UKARE Toolbox scoring in the City of Bowling Green
and TBMA aided in the selection of sampling sites for these study areas not only to
validate the UKARE scoring system, but to determine what parameters need to be
monitored and regulated, what resolution the parameters need to be monitored, and what
emerging threats need to be monitored in order to develop site-specific management
plans for these study areas. The UKARE Toolbox is the beginning in developing
management plans and can be used universally to start the development of a
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management plan, but the collection of primary data is needed to develop a site-specific
management plan. Urban karst landscapes, similar to all karst landscapes, are unique and
require specialized management and the UKARE Toolbox, along with this study,
provide guidelines and a starting point for the development of urban karst groundwater
management plans.
The data collected within this study overall validated the UKARE Toolbox
scoring, but high scoring sites did not always display the greatest impact and low
scoring sites did sometimes exhibit poor water quality throughout the studies. There is
not a direct correlation between the UKARE scores and the water quality data at all
sites, because karst hydrology is variable and requires different management tools.
Stakeholders need to consider other factors, such as inputs, watershed size, geographic
distribution needs of monitoring, comparative site monitoring, and the variable nature of
karst when implementing the UKARE Toolbox, because it may not be that high scoring
sites always have high parameter concentrations and vice versa for low scoring sites.
The application of the UKARE Toolbox is the initial step in developing these effective
management plans for urban karst landscape, but primary data are needed to determine
the intensity of impact and what needs to be regulated specifically for that area. This
study has validated the effectiveness of the UKARE Toolbox and the scoring system
with respect to threats and vulnerability, which will aid in the development of effective
urban karst groundwater management and future steps, such as developing management
plans and improving policy, will occur through future studies.
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CHAPTER SIX: A COMPARISON OF WATER QUALITY
MONITORING RESOLUTIONS FOR URBAN KARST GROUNDWATER
MONITORING AND MANAGEMENT
6.1 Introduction
Karst areas are extremely susceptible to the negative impacts of urbanization,
which is reforming the natural landscape, disrupting the natural flow and quality of
groundwater, introducing a variety of organic and inorganic pollutants, and contributing
to the development of antibiotic resistant bacteria (White 1988; Gams et al. 1993; Sauro
1993; Smith 1993; Williams 1993; Nicod et al. 1997; Foster et al. 1998; Akdim and
Amyay 1999; Burri et al. 1999; Frumkin 1999; Kacaroglu 1999; Urich 2002; Parise and
Pascali 2003; Bonacci 2004; de Waele and Follesa 2004; Spizzico et al. 2005; Calò and
Parise 2006; Sauro 2006; Delle Rose et al. 2007; Gunn 2007; Parise and Gunn 2007;
Andriani and Walsh 2009; Toran et al. 2009; Amiel et al. 2010; Malekovi et al. 2010;
Kalhor et al. 2018; Parise et al. 2018; Saint-Loup et al. 2018).
Urban development can have a negative impact on karst and groundwater
through unstable infrastructure, such as leaking sewage lines and poorly regulated
construction sites. These issues introduce pollutants, such as bacteria and loose
sediments into the groundwater system that not only pollute the water, but also can
prevent sufficient flow. This, in turn, can lead to poor drainage and urban flooding, as
well as contaminated drinking water sources (Schteingart 1989; Kinzelbach et al. 2003;
Bai 2007; Einsiedl et al. 2010; Kormos et al. 2011; Hass et al. 2012; Nedvidek 2014;
Zemann et al. 2015). In karst areas, all actions are interconnected; an introduced
pollutant may impact the entire system as it moves rapidly from the surface to the
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subsurface and throughout the groundwater system in a karst aquifer (Kačaroğlu 1999).
The purpose of this study is to present data-driven options for high-resolution
monitoring in urban karst landscapes in order to effectively manage groundwater
resources using the City of Bowling Green, Kentucky as a case study.
More than half the state of Kentucky is also comprised of a karst landscape,
which makes the groundwater supply in Kentucky extremely susceptible to urbanization
and the pollutants associated with it (Dickens 1935; Reeder and Crawford 1989; Carey
and Stickney 2001; Nedvidek 2014). In order to protect the water resources of the
Commonwealth, which include groundwater, the Kentucky Groundwater Protection Plan
was established under 401 KAR 5:037. This is the state's approach to ensuring the
protection of water resources from any activities pertaining to pesticides or fertilizers,
land treatment and disposal, waste, mining activities, and any industrial pollutants (KAR
1994). Sections 151.620 through 151.629 establish the regulations and mandates for
groundwater monitoring and quality. Through these statutes, the Kentucky Geological
Survey is the state's repository for groundwater information through the Interagency
Technical Advisory Committee on Groundwater. This is a long-term monitoring
network developed since 1990 that records any groundwater data collected from federal,
state, local, industries, agriculture, universities, and the general public within the state of
Kentucky. Even with this monitoring network in place, Kentucky still has groundwater
quality and management issues (Nedvidek 2014), which is why a more effective and
efficient management plan is needed with the application of high-resolution monitoring.
Bowling Green is characterized by urban karst with a population of 65,234
residing in a karst landscape, thereby making the city a strong example of the impacts of
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urbanization on karst (U.S. and World Population Clock 2019). The City’s population is
continuing to grow with an increase of 12.3% from 2010 to 2016 and a predicted
positive trend (Kentucky State Data Center: Population Estimates 2017). Bowling Green
has a long history of complicated urban karst management, which includes negative
impacts on the city’s air, environment, and groundwater quality (Reeder and Crawford
1989; Carey and Stickney 2001; Nedvidek 2014). A few of these issues, such as
negative influences on groundwater quality, are still present and need high resolution
monitoring in order to capture pollutants moving rapidly through the karst system.
One of Kentucky’s approaches to groundwater management is the use of BMPs,
such as the Groundwater Protection Plan or the Stormwater Quality Management Plan
(SWQMP), which are in compliance with the Municipal Separate Storm Sewer System
(MS4) Phase II program implemented in 1999. Stormwater, which is classified as nonhazardous, has vast negative impacts on urban karst and is regulated through EPA
established regulations, but negative impacts to the karst or groundwater resources from
pollutants introduced to the stormwater before it enters the groundwater system still
occur (EPA 2003). The MS4 program has two phases, with Phase I being designed for
cities with populations greater than 100,000, and Phase II for cities with a population
greater than 10,000 that are not classified as Phase I. Phase I cities are required to
monitor runoff of stormwater drainage wells into karst environments that have been
altered as a storm runoff drain (U.S. Fish and Wildlife Service 2001). This is not
required in Phase II communities, such as Bowling Green, which eliminates an element
of federal regulations that could protect karst groundwater in urban settings.
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Bowling Green, Kentucky, has over 40 years of extensive data on the
interactions of the surface and karst, but water quality issues are still present today. The
City Public Works Department has been collecting quarterly ambient water quality
sampling at nine sites throughout the city since 2007. Studies have been conducted
exhibiting the importance of sampling resolution in karst areas in order to effectively
monitor groundwater water due to the rapidly changing nature of the karst groundwater
system and have established the ineffectiveness of high-resolution sampling in urban
karst (Nedvidek 2014). The City is not required to conduct monitoring sampling, but is
proactive with the current monitoring program, and improved data on resolution and
water quality parameters could benefit the effectiveness of the current program and aid
in developing new management plans to complement the growing city. Bowling Green
is a well-documented example of an urban karst area with different histories and
regulations wherein many threats are known and some mitigation has taken place;
however, these issues are ubiquitous to most urban karst areas and, to date, monitoring
programs sample at a low resolution such as quarterly or annually. In order to capture
and mitigate urban karst groundwater pollutants in the best interest of the community
and environment, a high-resolution of indicator parameters is needed to meet the interest
of the many stakeholders involved.

6.2 Study Area
6.2.1 City of Bowling Green
This study was developed using the urban metropolitan area of Bowling Green,
Kentucky, located in Warren County, in the south-central region of the state. Bowling
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Green is considered Kentucky’s third largest city with approximately 65,234 residents
(U.S. and World Population Clock 2019). The City is divided into three sectors,
including industrial, commercial, and residential, which are established in a south to
north trend, respectively. The City is primarily a mixture of residential and commercial
development. There are two main roads that circumnavigate the City, 31-W ByPass and
Nashville Road, while the largest volume of commercial development is located in close
proximity to these major roadways. Figure 10 displays the land cover and land use of the
City. The City used to be dominated by agriculture, but has had a constant increase in
urbanization and is moving towards a predominantly metropolitan area. Bowling Green
has doubled its population in the last thirty years and is expected to continue to grow a
total three percent from 2010 to 2025, with the majority of the people living in
residential or commercial areas of the city (Nedvidek 2014; Ruther and Ehresman 2015).
The region is classified as a temperate climate and experiences seasonal trends
throughout the year with variations in precipitation and temperature. The majority of
precipitation occurs between December and May with the average precipitation being
131 cm annually with an average temperature of 13.9 °C (NOAA 2019). The monthly
temperature also shows seasonal trends, with the average in the summer being 25.8 °C
and 0.22 °C in the winter, respectively (NOAA 2019). Bowling Green has an average of
203 mm of snow each year, which contributes to groundwater recharge as well. Storms
typically occur in the spring season, with the heaviest precipitation during this period
(NOAA 2019).
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Figure 6.1. City of Bowling Green, KY Landuse as of 2015 (Source: Created by author
with data from City of Bowling Green Planning and Zoning 2015).
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6.2.2 Soil and Vegetation of Bowling Green
Classified as a karst landscape, Bowling Green does not have extensive soil
development. The soils in the area are typically thin and heterogeneous across the
region. The area is covered mainly by a variety of loams, clays, the Fredonia-VertressUrban, and the Crider-Urban soil types (USDA 2004). These soils are typically found in
urban and karst areas. The soils associated with a karst landscape are classified as thin,
which allows pollutants to be introduced to the groundwater rapidly (White 1988). Thin
soils do not act as a barrier between the surface and subsurface and they are not suitable
for a large diversity in vegetation. A lack of vegetation also allows for the introduction
for more pollutants, because minimal natural filtration is able to occur. Grasses and
sporadic trees, and some agricultural plants, such as corn and soybeans, dominate
Bowling Green. There is little forest cover found within the city limits, which allows for
biodiversity, but it is minimal, due to the large urban presence within the city limits.

6.2.3 Geology of Bowling Green
Bowling Green is considered one of the largest cities to be built upon a karst
sinkhole plain and an individual cave system (Crawford 1985). The geology is
comprised entirely of the St. Louis, the St. Genevieve, and Girkin limestone formations,
with the youngest layer being the Girkin, and the oldest the St. Louis. The geologic
layers are composed of fine-grained limestone. There are two layers of chert, known as
the Lost River Chert and Corydon Ball Chert, the latter of which is present at the contact
between the St. Louis and St. Genevieve formations (Palmer 2007). Bowling Green
resides within the Pennyroyal Sinkhole Plain, and much of it is developed atop the Lost
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River Chert bed, which does not erode as easily as the limestone, allowing the City to
remain geologically stable for the most part (Ryan and Meiman 1996). The aquifer of
Bowling Green is located in the St. Genevieve and St. Louis layers.

6.2.4 Hydrology of Bowling Green
The City is 92.2 square kilometers in area and is about 150 meters above sea
level on average (Reeder and Crawford 1989). Located on top of an extensive sinkhole
plain of the south-central Kentucky karst, the City is built upon a complex karst
groundwater system known as the Lost River Cave System. The main river located
within the system is Lost River, which is composed of surface and subsurface streams
and inputs, until the river resurges north of the City at the Lost River Rise, where it
remains on the surface, converging with Jennings Creek, and flows into the Barren River
(Groves 1987). Lost River begins 19 kilometers south of the City in the small town of
Woodburn, collecting urban and agricultural pollutants as it flows towards Bowling
Green. It resurges in Bowling Green at the Lost River Bluehole and within 122 meters
the river returns to the subsurface at the entrance of Lost River Cave (Groves 1987;
Reeder and Crawford 1989).
Figure 6.2 displays the dye traced hydrology of Bowling Green and the location
of major caves and springs in the system. The groundwater basin of Bowling Green is
divided into seven basins, but Lost River is the main basin within the City (Crawford
1989; Brewer and Crawford 2005). Lost River is the main tributary within the City, but
inlets flow through many caves, such as State Trooper Cave and Bypass Cave, which are
only a few of the 208 known and mapped caves within the county. Limestone Lake is a
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groundwater-fed karst lake that serves as a water table feature and retention pond within
the City fed through groundwater and spring inflow.
The City has a large quantity of springs, some of which only flow during storm
events and are not classified as major springs. A few major springs in the city are Lost
River Spring, Whiskey Run Spring, and New Spring, which the City has been built
around. Even though Whiskey Run Spring has been altered for urban development, the
spring continues to have a constant flow. Injection wells are located throughout the
entire city, with the location of about 2,500 known. Bowling Green has a variety of
different injection well classifications including straight-pipe and modified sinkhole
injection wells. One of the main issues with the injection wells is that Bowling Green
does not know the total amount or locations of all the wells within it to be able to
regulate or monitor them (Nedvidek 2014). Direct introduction of stormwater pollutants
into the urban groundwater are also directly introduced to the Barren River, which is the
drinking water source for Bowling Green. Bowling Green has a general stormwater
management plan, but it is often not effective at protecting the groundwater from the
first flush or stormwater runoff in general (Cesin and Crawford 2005; Nedvidek 2014).
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Figure 6.2. Hydrologic Map of Bowling Green (Source: CCKS 2006).
Lost River Bluehole is where the Lost River first resurges from its headwaters in
Woodford, Kentucky. The Lost River Bluehole has both urban and agricultural impacts
that contribute to the contaminated groundwater. The Lost River Bluehole also resurges
in the Lost River Nature Park, which introduces ecotourism influences to the Bluehole.
The Bluehole flows on the surface briefly before the river flows into Lost River Cave.
The Bluehole has a blue color from the high levels of magnesium found in the
groundwater. The Bluehole is an expression of the water table and has had extensive
research conducted on it (Crawford 1985). It is monitored at high-resolution by Western
Kentucky University and sampled quarterly by Bowling Green Public Works. State
Trooper Cave also flows into the Lost River and is located below Lost River Cave
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geographically. Bowling Green’s drinking water is taken from the Barren River, and
potentially contaminated groundwater sources being introduced to the surface system
through springs and resurgences allows for rapid contamination of the City's drinking
water resource.
Collectively, Bowling Green provides an excellent example of a well-developed
karst landscape integrated into a growing urbanized area, wherein myriad examples of
karst groundwater impacts are found. Bowling Green served well as a test bed for the
development of the UKARE Toolbox (Kaiser 2019), predominantly due to the large
amount of historical data and information available from past and current studies
conducted on it.

6.2.5 Bowling Green Sampling Sites
Primary data were collected in Bowling Green at ten sites (individually discussed
below) within the City boundary. The sample sites consisted of a variety of urban karst
features such as injection wells, urban caves, and urbanized springs, and were selected
through the application of the UKARE Toolbox in the study conducted by Kaiser
(2019). The UKARE Toolbox was only applied to the New Spring basin injection wells
and, as a result, the selected injection wells are all from the New Spring basin due to the
extensive amount of injection wells throughout the City making it difficult to evaluate
all injection wells within the scope of this study. The sites are all connected to the
groundwater system and contribute to the main surface stream, the Barren River. The
sample sites were used to understand the water quality of urban karst areas and the
importance of sampling resolution for urban karst landscapes.
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6.2.5.1 Whiskey Run Spring
Whiskey Run Spring is the main spring within the downtown Bowling Green
area. The City was built around the spring and it has been diverted to allow for
development, but the spring flows beneath the City. The main channelization of the
spring is located along the sidewalk at the corner of 10th and State streets and has been
used as a dye injection site that has been traced to New Spring (Crawford 1989). The
spring has been recently diverted from New Spring into a constructed drainage basin
that only fills during high intensity rain events and is no longer hydrologically connected
to New Spring, but is still a part of the groundwater system. Whiskey Run Spring is
largely impacted by urbanization through both development and urban pollution.

6.2.5.2 Barren River
The Barren River is the primary surface stream that flows through Bowling
Green. The River is premeditatedly groundwater fed as a result of flowing through karst
landscapes and all of the groundwater flowing through the City is introduced to the
river, which is why it was selected as a sampling site. The River is 217 kilometers long
and begins in Monroe County. It is the largest tributary to the Green River and drains
most of the western portion of the state of Kentucky. The River is the drinking water
source of many cities along its bank, including Bowling Green.

6.2.5.3 927 Payne Injection Well
The 927 Payne Injection well is one of the 2,500 known injection wells within
the city. It is located in the New Spring Basin and is one of 50 working wells in this
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basin. It is located on the older end of the city off of Payne Street next to a lumberyard
and other industrial warehouses and operations, as well as an automobile repair shop.
The well is 30 meters deep and is an expression of the groundwater table. The well is
used as a stormwater drainage feature and is also located in a residential area, which
introduces a variety of urban pollutants directly into the groundwater system. There is a
large protective grate that prevents large trash and debris from washing in, but does not
prevent smaller debris or contaminated runoff from being introduced.

6.2.5.4 1126 Vine Injection Well
The 1126 Vine Injection well is one of the 2,500 known injection wells within
the city. It is also located in the New Spring Basin and is one of 50 working wells in this
basin. It is primarily affected by residential pollution as houses and apartment
complexes surround it. The two closest residents have urban chickens, which roam
freely and are often by the well introducing a variety of urban and agricultural
pollutants. The well is also exposed to industrial pollutants from industry located within
its own drainage basin. The well is 14 meters deep and is suspected to be a perched
aquifer. The well has been dry during drought conditions and went dry for the last few
months of the study, but serves the purposes as a stormwater drainage feature. It
introduces stormwater and its pollutants directly into the groundwater system allowing
for immediate contamination.
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6.2.5.5 Durbin Estates Injection Well
The Durbin Estates Injection well is one of the 2,500 known injection wells
within the city. It is also located in the New Spring Basin and is one of 50 working wells
in this basin. It is primarily affected by residential pollution as it is surrounded by houses
but is also responsible for the primary drainage of the entire downtown area allowing for
a variety of urban pollutants to be introduced. The well is 29 meters deep and is an
expression of the groundwater table. The well is located in a sinkhole drainage basin
along with a second injection well due to the large volume of water directed to this
drainage area. The basin typically floods during intense storm events and the wells do
not drain immediately as they were intended to. This basin is also where the overflow
from Limestone Lakes goes when the lake floods.

6.2.5.6 New Spring
New Spring is the outlet for one of the seven basins within the city and drains
about 146 hectares of residential and industrial zones, including Western Kentucky
University’s campus (Nedvidek 2014), and is also one of the City’s five real-time
monitoring sites. The spring is located in an older section of the City where homes are
still on septic or straight pipe, which allows for a direct introduction of human pathogens
into the groundwater supply. The spring is present on the surface for about 250 meters
and becomes a sinking stream for 900 meters until it resurges at Hobson Grove Spring.
The spring eventually feeds into Jennings Creek, which is a surface stream that is a
tributary to the Barren River. Limestone Lake is a karst fed lake located in the same
basin as New Spring and the lake is hydrologically connected to New Spring, which is
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the main output of the karst fed lake. Limestone Lake is less than a mile from New
Spring and acts as a retention pond for the stormwater within the basin. Bowling Green
drains stormwater into the lake through a manmade drainage system that flows during
rain events and eventually through New Spring.

6.2.5.7 Lost River Rise
Lost River Rise is the final output of the Lost River system before the river flows
into the Barren River. The Lost River Rise is predominately influenced by urban land
use and the pollutants associated with urbanization. The Rise becomes Jennings Creek
as it approaches the Barren River and remains a surface stream. Lost River Rise drains
the Lost River Basin, which is about 145 square kilometers (Crawford 1985). The Rise
has been extensively researched by Western Kentucky University and Bowling Green
since the 1970s and is currently designated as one of the City’s five real-time monitoring
sites. Aspects such as water quality, general hydrology, and storm monitoring have been
conducted at this site. The Rise has both agricultural and urban inputs that affect the
quality of the water and have a negative impact on it.

6.2.5.8 Lost River Spring
Lost River Spring is an input to Lost River located within the Lost River Nature
Preserve. The spring is constantly flowing but typically has low flow. The spring flows
into a blue hole located upstream of the Lost River Bluehole. This spring is currently a
monitoring site for Western Kentucky University.

232

6.2.5.9 Carver Cave
Carver Cave is a cave entrance that has been modified into a stormwater drainage
feature and the cave entrance is no longer visible due to the drainage feature. The cave is
located in the newer end of the city near the Greenwood Mall and a large residential and
commercial area. The cave has a stream that flows through it and eventually connects to
the Lost River System. It is responsible for the drainage of the entire mall and residential
areas and is commonly plagued by litter allowing for an interesting variety of pollutants.
The cave has been selected as a real-time monitoring site for Bowling Green and
infrastructure has allowed for improvements with litter, but no other pollutants.

6.2.5.10 Bypass Cave
Bypass cave flows into the Lost River Rise and is located above Lost River Cave
geographically. The cave is located in a commercial and residential area, directly under
31-W Bypass, where a new apartment complex was constructed directly on top of the
cave in 2017. The entrance to the cave has been modified as a stormwater drainage
feature. The feature is designed to vortex the stormwater directed there and allow
sediments to settle out before the water is introduced to the cave system. This concept
works until the rain intensity allows the basin to reach its maximum limit quicker than
settling can occur. In this instance, stormwater overflows into the cave and all pollutants
and sediments are directly introduced to the groundwater without any treatment resulting
in direct contamination.
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Figure 6.3. City of Bowling Green Sample Sites (Source: Created by Author).

6.3 Methodology
6.3.1 Urban Water Quality Analysis
Samples were collected from February 14, 2017, until December 17, 2018, at a
weekly resolution to capture seasonal and climatic variation (e.g., significant rain events
that produce at least 2.54 mm of precipitation within thirty minutes) (Crawford 1989;
Force 2000; Göppert and Goldscheider 2007). Sample sites are noted in Table 6.1 and
consisted of a variety of urban karst features. Injection well features and Carver Cave
were sampled using a well pump to extract the water samples. Spring features and Lost
River Rise were sampled at the resurgence outlet directly. Bypass Cave was sampled
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from the cave stream located 10 meters from the entrance. Water samples for the Barren
River were collected along the edge of the riverbank.
Table 6.1. Sampling Sites (Created by Author).
ByPass Cave

Whiskey Run Spring

Barren River

927 Payne Injection Well

1126 Vine Injection Well

Durbin Estates Injection Well

New Spring

Lost River Rise

Lost River Spring

Carver Cave

Table 6.2 displays the sampling parameters that were collected and analyzed
weekly. All analyses will be conducted at HydroAnalytical Lab, USDA Agriculture
Research Services lab, and Western Kentucky University’s Advanced Materials Institute
(AMI) noted in Table 6.2. Analyses were conducted in the field using the necessary
equipment indicated in the table.
Table 6.2. Water Quality Analyses Conducted (Created by Author).
Test

Treatment

Preservative

E. coli

Anions

Filtered with
0.45 microns

Cations

Filtered with
0.45 micron

Oil and Grease
Chemical
Oxygen
Demand
Biological
Oxygen
Demand
Antibiotic
Resistant
Bacteria

Sample Size

Analytical
Method

Lab

100 mL

EPA Colilert-18

Hydro

50 mL

SM 4110 B2011 (Ion
Chromatograph
y)
EPA 200.7 Rev
4.4 (Dionex
Method)
EPA 1664 A
Stepsaver

Hydro

HNO3

50 mL

HCl

1000 mL

H2SO4

50 mL

EPA HACH 8000

Hydro

1000 mL

SM 5210 B2011

Hydro

1000 mL

Plating

USDA ARS

ProDSS

Field

pH
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AMI
Hydro

Temp

ProDSS

Field

Conductivity

ProDSS

Field

Dissolved
Oxygen

ProDSS

Field

10 mL

DR900

Field

10 mL

DR900

Field

10 mL

DR900

Field

Turbidity
Chlorine
TSS

HACH DPD
Total Chlorine
Reagent

6.3.2 Extraction of Antibiotic Resistant Bacteria
To prepare samples for bacterial prevalence and DNA extractions, maximum
available volume of collected water sample from each sample site was filtered through
duplicate 0.45 micrometers filter papers (Advantec MFS, Inc., Japan) for bacterial
prevalence and 0.22 micrometers (Advantec MFS, Inc., Japan) for DNA extractions,
which will be completed outside the scope of this study. Filtering was done so that the
bacterial cells from the water would collect on the filter paper, hence concentrating the
total amount of bacterial cells from the water sample for downstream applications to
identify the bacteria present in the sample. Samples were filtered through a filtration unit
that was sterilized using sterile techniques of 70% ethanol rinse followed by a deionized
water rinse of the filter apparatus prior to each sample site filtration, the apparatus also
being sterilized in between weekly filtrations with an autoclave.
The method used by Agga et al. (2015) was applied to this study in order to
establish the determination of bacterial prevalence, pre-enrichment cultures were
prepared by adding the two 0.45 micron filter papers with the concentrated bacterial
cells from water samples to 30 mL Buffered Peptone Water (BPW, Becton, Dickinson
and Company, Franklin Lakes, NJ). Pre-enrichment broths were incubated at 25°C for
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two hours then at 42°C for six hours and then held at 4°C until processed the next day.
For the enrichment of Salmonella, a one mL aliquot of the enriched cultures was mixed
with 20 microliters of Salmonella specific immunomagnetic separation beads
(Dynabeads, Thermo Fisher Scientific, Inc. Waltham, MA). Salmonella was then eluted
into 3 mL of Rappaport Vassiliadis (RV, Remel, Lenexa, Kansas) and incubated at 42°C
for 18-24 hours (Nou et al. 2006). For E. coli, 0.5 mL of the enriched culture was
inoculated to 2.5 mL of MacConkey broth (MCB, Becton, Dickinson and Company,
Franklin Lakes, NJ), MCB supplemented with 2 mg/L of cefotaxime (MCB+CTX), and
MCB supplemented with 16 mg/L of tetracycline (MCB+TET) and incubated at 42°C
for 18 hours (Schmidt et al. 2014). For enterococci, 0.5 mL of the enriched culture was
transferred to 2.5 mL of Enterococcosel broth (ECB, Becton, Dickinson and Company)
ECB supplemented with 8 mg/L of erythromycin (ECB+ERY), and ECB supplemented
with 16 mg/L of tetracycline (ECB+TET) and incubated at 37°C overnight. Following
incubation, RV broth enrichment cultures were swabbed onto xylose lysine
deoxycholate agar (Remel, Lenexa, MO) containing 4.6 mg/L of tergitol, 15 mg/L of
novobiocin and 5 mg/L of cefesulodin (XLDtnc) plates and incubated at 37°C for 18-24
hours. MCB, MCB+CTX, and MCB+TET E. coli enrichments were swabbed onto
modified membrane Thermotolerant E. coli media (mTEC, Becton, Dickinson and
Company, Franklin Lakes, NJ), mTEC+CTX and mTEC+TET plates, respectively, and
incubated at 37°C for 18-24 hours. ECB enterococci enrichments were swabbed onto
Slanetz and Bartley Medium (SBM, Oxoid, Thermo Fisher Scientific, Inc. Waltham,
MA), SBM+ERY, SBM+TET and plates and incubated at 35°C for 4 hours then at 44°C
for 48 hours. The enriched cultures were also plated onto CHROMagar™ ESBL
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Chromogenic Media (ESBL, Paris, France) to select for gram-negative bacteria
producing Extended Spectrum Beta-Lactamase, and CHROMagar™ KPC Chromogenic
Media (KPC, Paris, France) to select for gram-negative bacteria resistant to
carbapenems. Up to two bacterial isolates were presumptively isolated based on
characteristic appearance on the respective selective media, which will be confirmed by
using previously described PCR methods for Salmonella, E. coli, and enterococci within
a study outside of the timeline of the current study based on the cited methods (Rahn et
al. 1992; Deasy et al. 2000; Nucera et al. 2006; Horakova et al. 2008). The antibiotic
resistances included in this study consist of antibiotics that are urban specific and are
contributing to urban specific antibiotic resistant bacteria.

6.3.3 Sample Resolution Analysis
In order to determine the most effective sampling resolution for an urban karst
landscape, the weekly data were manipulated to simulate different sampling resolutions.
The samples collected from February 14, 2017 until December 17, 2018 were
manipulated by selecting the first sampling of each month and the first sample of the
second month of each quarter for the eleven month study. The results from weekly
sampling were compared to the monthly- and quarterly-resolution to determine which
parameters need to be sampled at a higher resolution and which can be sampled at a
lower resolution in order to effectively monitoring urban karst groundwater quality
using the suite of indicator sampling parameters analyzed in this study. Statistical
analysis was used to determine what percentage of the minimum contaminant level
exceeding samples would have been missed at a lower resolution, to demonstrate the
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need for higher resolution sampling in urban karst areas. Data were stored and
manipulated in SigmaPlot in order to visually compare the resolutions.

6.4 Results and Discussion
Monitoring resolution is a vital aspect of an effective management plan for karst
groundwater (Nedvidek 2014). The City of Bowling Green has been conducting
quarterly ambient sampling throughout the City since 2007, but this resolution is not
fully capturing anthropogenic inputs, stormwater, or other pollutants introduced that
move rapidly through the groundwater system. The karst groundwater system is
constantly moving and changing, requiring a higher resolution of monitoring in order to
effectively capture threats to the groundwater quality, which impacts the general
drinking water source (Nedvidek 2014).
Table 6.3 compares the descriptive statistics of the ten sampling samples for
parameters showing significant impacts. For some parameters, such as E. coli, there is
high variability between sites and between the different resolutions. Some sites display a
decreasing mean as the resolution decreases, while others display an increase. This
extreme variability justifies the need for high-resolution sampling of E. coli for urban
groundwater sites, because the values rapidly change and high concentration pulses, as
seen at Bypass Cave site, with a maximum value of 41,060 MPN/100 mL at the weeklyresolution but not at the monthly- or quarterly-resolutions. These pulses can be missed
and negatively impact the City’s drinking water resources unknowingly. The varying
pattern is also displayed by the nitrate values, which have varying means at each site for
the different resolutions (Table 6.3). Even though the means exceed the World Health
239

Organization’s established limit (3 mg/L) the maximum and minimum values indicate
levels of nitrate that would not have been captured with low resolution monitoring.
The selected metals in Table 6.3 have some variability between the different
resolutions, but the weekly-resolution captures values that exceed the established limits
that are not captured at the monthly or quarterly resolutions. Arsenic has a presence at
all sites at every resolution, but the values that are not captured at the lower resolutions,
though captured at the weekly-resolution, are not being captured or monitored to protect
human health. A constant presence of this harmful metal in the groundwater system is a
threat to human health that needs to be monitored in order to establish stronger
regulations and prevent groundwater contamination. Iron and lead display a pattern of
being captured at the weekly- and monthly-resolutions, but not at the quarterly. Under
the City’s current monitoring program these threatening pollutants are not being
captured and their threat cannot be monitored if it is not recognized. Similar trends were
seen in the other water quality analyses collected in this study, justifying the importance
of high-resolution sampling in urban karst landscapes (Nedvidek 2014).
A continuous trend of certain general water quality parameters (lead, arsenic,
iron, nitrate, and E. coli) is seen throughout the entire aquifer because there is a presence
at every sampled urban karst feature and these parameters need to be regulated and
managed throughout the study area in order to prevent further groundwater
contamination. Due to the high connectivity in this study area, efficient management
could significantly reduce contaminants throughout the entire aquifer. The displayed
descriptive statistics of significant sampling parameters to the sampling sites and along
with the continuous presence spikes throughout the sampling period can be seen through
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the maximum and minimum values as well as the mean. For example, a maximum value
of 26.2 mg/L of nitrate at 927 Payne Injection Well and a minimum of 0.21 mg/L
indicates how rapidly pollutants move throughout the karst system. The extensive
variability throughout the sampling period also indicates the importance of sampling
resolution in urban karst areas. Parameters that have high variability such as E. coli, total
suspended solids, turbidity, metals, and anions should be monitored at a higher
resolution than parameters that remained consistent from week to week such as oil and
grease, biological oxygen demand and chemical oxygen demand. A constant presence of
pollutants exceeding established regulatory limits is a threat to environmental and
human health, which cannot be effectively managed in urban karst areas without highresolution monitoring, which is supported by this study and others (Nedvidek 2014).
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Table 6.3. Descriptive Statistics of Bowling Green Sampling Sites at Different
Monitoring Resolutions (Source: Created by Author).
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Unlike the indicator water quality parameters, emerging pathogens do not have
established regulatory limits, but they are a major threat to human health and a stronger
understanding of the impact on human health and general presence in groundwater is
needed (CDC 2013). The data collected for antibiotic resistant bacteria in this study also
display variability from week to week and concentrations of these harmful bacteria can
be missed at low resolution monitoring. Tables 6.4 and 6.5 display the positive presence
of ESBLs and KPC resistant bacteria at weekly, monthly, and quarterly resolutions. The
lower resolution sampling does capture a general presence, but not as consistently as the
weekly-resolution. Accurate sampling resolution of common groundwater pollutants and
emerging pathogens is vital for properly monitoring and managing urban karst
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groundwater resources because of how rapidly the system changes and pollutants are
moved through (Nedvidek 2014).
Bacteria resistant to ESBL are typically resistant to carbapenems, fosfomycin,
beta-lactamase inhibitors, nonbeta-lactam antibiotics, and colistin, which are used when
other medications have failed (CDC 2013). The presence of ESBLs resistant bacteria
continuously throughout the study at all sites is concerning for urban groundwater
resources as it indicates the growing impact urbanization is having on water resources
and public health. KPC resistant bacteria are resistant to nearly all antibiotics and
infection typically results in death making the presence of this bacteria continuously
throughout the study and the entire study area, concerning for water resources and public
health in this area.
The CDC (2013) considers bacteria resistant to ESBL as a threat level serious
resistance and its presence in Bowling Green’s groundwater is a threat to human health.
The most concerning bacteria resistant to ESBL in Bowling Green are Pseudomonas and
E. coli, which are both commonly found in the environment and can have negative
impacts on human health. The constant presence of these bacteria and the other bacteria
analyzed, at all sampling sites that are resistant to ESBL, is of major concern for the
groundwater quality in this area. Research still needs to be conducted on the negative
impacts of these resistant bacteria to human health, but a positive presence during any
sampling event is an indicator of negative urban impacts to groundwater quality.
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Table 6.4. ESBLs Resistant Bacteria Monitoring Resolutions at Bowling Green
Sampling Sites (Source: Created by Author).

The CDC (2013) considers bacteria resistant to KPC as a threat level urgent
resistance and its presence throughout the aquifer is a threat to human health. Bacteria
resistant to KPC is a serious threat to public health since the bacteria become resistant to
all or nearly all antibiotics and infection typically results in death. In Bowling Green,
Pseudomonas and Acinetobacter bacteria are consistently resistant weekly and at each
study site. These types of bacteria are commonly found in the environment and their
developed resistance is concerning.
The consistent presence of bacteria resistant to KPC throughout the study area
not only threatens human health but can be an indicator or urban pollution as
pharmaceuticals and personal care products are being introduced to the groundwater,
allowing the growth of these emerging threats. These data indicate that regulations need
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to be established for the input of pharmaceuticals and personal care products to the
groundwater system through leaking septic tanks, leaking sewer lines, improper
disposable of medical waste, and other inputs in order to manage and prevent further
development of antibiotic resistant bacteria in urban karst groundwater.
Table 6.5. KPC Resistant Bacteria Monitoring Resolutions at Bowling Green Sampling
Sites (Source: Created by Author).

The presence of bacteria resistant to generic antibiotics strengths the need for
further research and regulations on the disposal and limits of personal care products and
pharmaceuticals allowed in the groundwater system. There is a ubiquitous presence of
resistant bacteria across all ten sites weekly, monthly, and quarterly, making these
pollutants of concern that need to be monitored at a high-resolution in order to further
the understanding of their constant presence in urban karst groundwater. They are
consistently present in the groundwater system and pose a threat to groundwater quality
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at all sampling sites. The positive trend associated with all the antibiotic resistant
bacteria tested is also an indicator for the need of regulation and more effective
monitoring and management plans for the protection of groundwater resources in urban
karst areas, which begins with a representative sampling resolution that accurately
reflects the overall quality of urban karst groundwater.
High-resolution sampling is not cost effective for some invested stakeholders,
but is necessary for an accurate representation of the karst groundwater in an urban
landscape. The Urban Karst Aquifer Resource Evaluation (UKARE) Toolbox (see
Chapter 3) was developed to aid invested stakeholders in selecting monitoring sites by
evaluating the threats, vulnerability, and monitoring capability of all karst features
within the study area. The Toolbox is composed of the Threat, Vulnerability, and
Monitoring Tools, which are all necessary components of effective management. The
Toolbox scores the features according to Table 6.6. The suite of parameters utilized in
this study are an indicator suite that can be utilized alongside the UKARE Toolbox to
effectively monitor groundwater quality and remediate polluted urban karst features
while meeting the needs and resources of the stakeholders. Features given a scoring
indicator of urgent and high should be prioritized for monitoring and the sampling of the
parameters applied in this study. High-resolution sampling, such as weekly or biweekly,
is necessary for urgent features in order to understand and begin remediation of the
groundwater quality at those features. The nature of karst is complicated and constantly
changing, which is why it is necessary for features of concern to be monitored at a high
resolution to ensure all contaminates are captured and overall environmental and public
health can be protected from polluted groundwater resources. Features given a score of
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moderate or low are not at a concerning level of potential contamination and a lower
resolution, monthly or quarterly, would still provide an accurate representation of the
groundwater quality and not tax the resources of the stakeholders. The UKARE Toolbox
can be utilized to ensure proper monitoring and management of urban karst groundwater
by selecting sites that are impacted for monitoring instead of stakeholders wasting
resources monitoring sites that do not display the overall quality of groundwater in the
study area.
Table 6.6. UKARE Scoring Indicators.
Score Range
0-25
26-50
51-75
76-100

Indicator
Low
Moderate
High
Urgent

6.5 Conclusion
The City of Bowling Green is not required to conduct any resolution of water
quality monitoring as an MS4 Phase II community and is proactive in conducting
quarterly ambient sampling to monitor groundwater quality (EPA 1999). The collection
and resolution manipulation of the data within this study are useful in developing future
monitoring plans and advancing the understanding of current groundwater quality
conditions, within the city and as a model for other urban karst areas. It has been
suggested that karst landscapes require high-resolution sampling and monitoring in order
to accurately capture pulses of pollutants and evaluate groundwater quality, which is
also supported by the findings of this study (Ryan and Meiman 1996; Vesper 2001;
Nedvidek 2014). The data collected in this study displayed high variability at the
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weekly-resolution that were not captured at monthly and quarterly sampling resolutions,
thus indicating the need for high-resolution monitoring in urban karst landscapes.
The primary challenge of high-resolution monitoring and sampling is the limited
budget and time of interested stakeholders. One purpose of this study was to determine
which parameters should be sampled at a higher-resolution in order to capture the
variability of the pollutants present within the groundwater system to help with focusing
on the important parameters within a limited scope of resources. Urban karst landscapes
are unique and susceptible to pollution due to its general nature. High-resolution
sampling throughout an urban karst aquifer is the most effective approach to accurate
monitoring in these complex landscapes. Focusing on parameters, such as E. coli, total
suspended solids, turbidity, metals, anions, and antibiotic resistant bacteria, which
displayed high numbers outside of storm events and variability at all ten sampling sites
throughout the eleven-month study, should be sampled at a higher resolution within the
study area. A higher resolution sampling will allow for pollutants exceeding regulatory
limits to be captured that may otherwise be missed at a lower resolution as seen with the
data in this study. Another recommendation for accurate urban karst groundwater
monitoring is storm sampling to capture the first-flush event within the study area as an
additional monitoring approach.
In order to meet the interest of stakeholders, the collection of prevalent water
quality data can be collected at a few select monitoring sites through sampling and water
quality sondes and probes determined by the application of the UKARE Toolbox (see
Chapter 3), within the study area to accurately represent the groundwater system, in
order to capture contaminants without requiring high-resolution sampling at several
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different sites. The parameters selected in this study are an indicator suite that is utilized
to develop an understanding of the study areas groundwater quality needs. Once a strong
understanding is developed, sampling resolution can be adjusted to meet the needs of the
study area. Karst landscapes, especially urban karst, are unique and require customized
monitoring plans and the findings of this study and others can aid in the development of
effective monitoring programs (Nedvidek 2014). A targeted approach to groundwater
quality monitoring in urban karst landscapes is needed to not only effectively monitor
the groundwater system, but meet the needs, interests, and budgets of interested
stakeholders in order to develop realistic and beneficial monitoring programs to ensure
the protection and quality of urban karst groundwater.
The importance of monitoring resolution in urban karst landscapes is vital to
protecting groundwater quality and human health. The lack of karst groundwater
regulations and regulatory limits for emerging pathogens is a result of the lack of
understanding of karst groundwater systems and inaccurate monitoring of these systems.
The low resolution monitoring of current programs is not capturing the full extent of
contamination and threats to urban karst groundwater (Nedvidek 2014). High-resolution
monitoring of certain parameters is vital to the protection of urban karst groundwater
systems throughout the world.
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CHAPTER SEVEN: CONCLUSIONS
The goal and purpose of this study was to develop a data-driven urban karst
groundwater monitoring toolbox that is holistic and universally applicable. The
development of the UKARE Toolbox achieved this goal and is an initial attempt at a
universal data-driven set of evaluation tools that determine where to sample, at what
resolution, and what parameters need to be sampled in order to develop a site-specific
urban karst monitoring and management plan. The UKARE Toolbox scoring system is
designed to be consistent between application sites in order to have a universal tool with
scores that can be comparable between urban karst landscapes, unlike preexisting tools
that produce different evaluation results for the same area. The UKARE Toolbox is
holistic and evaluates urban karst features with interdisciplinary criteria for threat,
vulnerability, and monitoring capabilities. The Toolbox helps communities to
understand the threats present to urban karst groundwater and assist in mitigating them
through policy and best management practices. This study created the baseline for an
urban karst groundwater management plan and it is expected for the UKARE Toolbox to
be improved upon with more case studies and alterations in the future. As the UKARE
Toolbox develops through future studies, the final goal is for a universal, holistic, and
data-driven management tool that can be customized to each urban karst setting, but
with consistent guidelines and parameters between study areas in order to have a
consistent tool for urban karst management. These goals cannot be achieved in this study
alone, but the present study created the first step towards better urban karst groundwater
evaluation, protection, and management.
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The UKARE Toolbox is useful for the development of management and
monitoring plans by determining which urban karst features need to be prioritized for
management in order to protect the feature and the groundwater quality associated with
it. The two study areas within this study have different levels of urbanization, but are
both impacted through development and are in need of stronger management plans and
protective policies for urban karst and karst groundwater quality. The UKARE Toolbox
is designed to aid in determining which features need to be managed, but the collection
of primary data within this study was needed to fully determine what pollutants are
impacting the quality of the features within both study areas. The overall purpose of the
primary data collected was to validate the UKARE Toolbox scoring system, which was
achieved in both study areas, and the data can contribute to the development of effective
management plans in order to properly protect urban karst groundwater quality in ways
that can be modeled by other urban karst areas.
The importance of monitoring resolution in urban karst landscapes is vital to
protecting groundwater quality and human health. Over a quarter of the world relies on
groundwater for drinking water and the threat of common pollutants and emerging
pathogens jeopardizes this vital resource. The primary challenge of high resolution
monitoring and sampling is the limited budget of interested stakeholders. One
conclusion of this study is a suggestion of which parameters should be sampled at a
higher resolution in order to capture the variability of the pollutants present within the
groundwater system. Parameters including E. coli, total suspended solids, turbidity,
metals, anions, and antibiotic resistant bacteria displayed variability at all ten sampling
sites throughout the eleven month study, indicating that these parameters should be
252

sampled at a higher resolution within the study area. Parameters including oil and
grease, biological oxygen demand and chemical oxygen demand displayed consistent
values from week to week and can be sampled at a lower resolution. In order to meet the
interest of stakeholders, the collection of prevalent water quality data can be collected at
a few select sampling sites determined by the UKARE Toolbox within the study area
that accurately represent the groundwater system in order to capture contaminants
without requiring high-resolution sampling at several different sites. The parameters
selected in this study are an indicator suite that is utilized to develop an understanding of
the study areas groundwater quality needs. The parameters in need of high- and lowresolution sampling display common trends in urban karst landscapes, but are primarily
used as indicators and sampling needs, with resolution that may differ between urban
karst areas (Chapter 5). The use of high-resolution monitoring of significant parameters
is vital to the protection of urban karst groundwater systems throughout the world.
In summary, this study aimed to answer the following questions and did so
successfully as concluded below:
1. How can an effective evaluation toolbox for karst groundwater quality be developed
from historic and modern data in an urban karst setting?
This study utilized preexisting literature and historic data to develop the UKARE
Toolbox for the evaluation of urban karst groundwater quality. Once the Toolbox was
developed, it was applied in two study areas, Bowling Green, KY, and Tampa Bay
Metropolitan Area, FL, along with the collection of primary data at these sites to
validate the UKARE Toolbox evaluation scores. The application of the UKARE
Toolbox in two different urban karst landscapes was successful and the evaluation
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scores were validated by the water quality data collected in both areas. The UKARE
Toolbox is an effective evaluation tool for karst groundwater quality because the
Toolbox takes into consideration the many facets of groundwater threats, vulnerabilities,
and parameters utilized throughout the literatures. The UKARE Toolbox is an
interdisciplinary approach to urban karst groundwater evaluation, which is necessary for
an effective evaluation tool.
2. What indicators, parameters, and data quality are needed to create an effective
holistic monitoring framework for urban karst groundwater?
In order to create a holistic and universal tool for evaluating urban karst
groundwater, an interdisciplinary approach was needed to consider threats within the
area to the groundwater, the vulnerability of the groundwater in the area, and the
potential for monitoring. The UKARE Toolbox developed extensive evaluation criteria
for threat, vulnerability, and monitoring that can be utilized individual, but are all
necessary aspects for an accurate evaluation of urban karst groundwater. The three tools
take into consideration current and historic threats to the groundwater such as emerging
pathogens and landuse, as well as the necessary components to establish a monitoring
site. The UKARE Toolbox is an extensive evaluation tool that not only evaluates the
conditions of the landscape, but also aids in site selection for monitoring needs. The
UKARE Toolbox incorporates the indicators, parameters, and data necessary to aid in
the development of effective monitoring and management plans.
3. In an urban karst region, what parameters need to be prioritized and at what
sampling resolution for effective monitoring and management to meet the need and
resources of interested stakeholders?
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A holistic and universal approach are needed for an effective monitoring framework
in urban karst landscapes because of the sensitivity of the landscape to urbanization. A
wide array of sampling parameters is needed to develop an accurate description of urban
groundwater quality in an area including anions, cations, bacteria and emerging
pathogens, oil and grease, and other indicator parameters. This study determined that
features scored as urgent or high concern by the UKARE Toolbox need to be monitored
at a high-resolution, such as weekly or biweekly, for a base suite of parameters,
including E. coli, anions, cations, and antibiotic resistant bacteria. Features scored as
moderate or low concern do not need as high of a monitoring resolution and would still
provide an accurate representation of groundwater quality at a monthly or quarterly
resolution. After the application of the UKARE Toolbox and initial monitoring period,
monitoring parameters can be adjusted to match the established needs of the study area.
In conclusion, the development and application of the UKARE Toolbox within
this study successfully created an evaluation tool that can be utilized for the effective
management of urban karst groundwater resources throughout the world. Through the
application of the UKARE within this study, Bowling Green, KY, and the Tampa Bay
Metropolitan Area, FL, were evaluated and given scoring indicators of moderate and
high concern respectively. In addition to the UKARE Toolbox evaluation primary water
quality data was collected in both study areas to validate the results of the UKARE
Toolbox as well as further understanding of water quality in these areas. This study also
analyzed for the presence of antibiotic resistant bacteria in urban groundwater resources
as a result of urban impacts and found an extensive presence in both study areas
throughout the entire aquifer system. This emerging pathogens, along with other
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concerning pollutants, needs stronger regulations in order to prevent a negative impact
on human health and karst groundwater ecosystems. The application of the UKARE
Toolbox and high-resolution sampling of common and emerging pathogens within this
study can contribute to the development of more effective management plans for urban
karst groundwater. This study developed the necessary tools for communities and
stakeholders to accurately monitoring and understand urban karst aquifers, which is vital
to effective management and influencing policy. Through future applications, a stronger
understanding of urban karst groundwater resources can be obtained and ensure the
protection of urban karst groundwater resources.

256

REFERENCES
Abbasi, T., Abbasi, S.A., 2012. Water Quality Indices. Elsevier: Oxford, United
Kingdom.
Afsharnia, M., Naraghi, B., Mardaneh, J., Kianmehr, M., Biglari, H., 2018. The data of
Escherichia coli strains genes in different types of wastewater. Data in Brief 21,
763-766.
Agga, G., Arthur, T., Durso, L., Harhay, D., Schmidt, J., 2015. Antimicrobial-Resistant
Bacterial Populations and Antimicrobial Resistance Genes Obtained from
Environments Impacted by Livestock and Municipal Waste. PLOS One 1-19.
Akdim, B., Amyay, M., 1999. Environmental vulnerability and agriculture in the karstic
domain: landscape indicators and cases in the Atlas Highlands,
Morocco. International Journal of Speleology 28(1), 9.
Al-Adamat, R.A., Foster, I.D., Baban, S. M., 2003. Groundwater vulnerability and risk
mapping for the Basaltic aquifer of the Azraq basin of Jordan using GIS, remote
sensing and DRASTIC. Applied Geography 23(4), 303-324.
Allen, A.S., Borchardt, M.A., Kieke, B.A., Dunfield, K.E., Parker, B.L., 2017. Virus
occurrence in private and public wells in a fractured dolostone aquifer in
Canada. Hydrogeology Journal 25(4), 1,117-1,136.
Aller, L., Lehr, J.H., Petty, R., Bennett, T., 1987. DRASTIC: a standardized system to
evaluate groundwater pollution potential using hydrogeologic settings. U.S.
Environmental Protection Agency, Washington, D.C.: EPA/600/2-85/018
Amiel, R.B., Grodek, T., Frumkin, A., 2010. Characterization of the hydrogeology of
the sacred Gihon Spring, Jerusalem: a deteriorating urban karst
spring. Hydrogeology Journal 18(6), 1465-1479.
Anderson, C.W., Rounds, S., 2003. Phosphorus and E. coli and their relation to selected
constituents during storm runoff conditions in Fanno Creek, Oregon, 1998-99.
US Department of the Interior, US Geological Survey.
Andriani, G.F., Walsh, N., 2009. An example of the effects of anthropogenic changes on
natural environment in the Apulian karst (southern Italy). Environmental
Geology 58(2), 313-325.
American Community Survey, 2014. Tampa Bay Metro Area Population. Accessed May
2019 from https://www.census.gov/programs-surveys/acs/data.html.

257

Al-Adamat, R.A., Foster, I.D., Baban, S.M., 2003. Groundwater vulnerability and risk
mapping for the Basaltic aquifer of the Azraq basin of Jordan using GIS, remote
sensing and DRASTIC. Applied Geography 23(4), 303-324.
Aydi, A., 2018. Evaluation of groundwater vulnerability to pollution using a GIS-based
multi-criteria decision analysis. Groundwater for Sustainable Development 7,
204-211.
Bai, X., 2007. Industrial ecology and the global impacts of cities. Journal of Industrial
Ecology 11(2), 1-6.
Baffaut, C., Benson, V.W., 2009. Modeling flow and pollutant transport in a karst
watershed with SWAT. Transactions of the ASABE 52(2), 469-479.
Bakalowicz, M., 2011. Management of karst groundwater resources. In van Beynen, P.
(ed). Karst Management. Springer: Netherlands, 263-282.
Barbosa, A.E., Fernandes, J.N., David, L.M., 2012. Key issues for sustainable urban
stormwater management. Water Research 46(20), 6787-6798.
Barner, W.L., 1999. Comparison of stormwater management in a karst terrane in
Springfield, Missouri—case histories. Engineering Geology 52(1), 105-112.
Barnett, J., Lambert, S., Fry, I., 2008. The hazards of indicators: insights from the
environmental vulnerability index. Annals of the Association of American
Geographers 98(1), 102-119.
Barret, M., 2018. Mitigation of Impacts to Groundwater Quality from Highway Runoff
in a Karst Terrain. Transportation Research Record 1-7.
Bartram, J., Ballance, R., 1996. Water quality monitoring: a practical guide to the
design and implementation of freshwater quality studies and monitoring
programmes. London, E&FN Spon, 396 p.
Batabyal, A.K., Chakraborty, S., 2015. Hydrogeochemistry and Water Quality Index in
the Assessment of Groundwater Qulaity for Drinking Uses. Water Environment
Research 87(7).
Benabdelouahab, S., Salhi, A., Himi, M., Eddine, J., Messari, S.E., Ponsati, A.C.,
Mesmoudi, H., Benabdelfadel, A., 2018. Using resistivity methods to
characterize the geometry and assess groundwater vulnerability of a Moroccan
coastal aquifer. Groundwater for Sustainable Development 7, 293-304.

258

Bengston, D.N., Fletcher, J.O., Nelson, K.C., 2004. Public policies for managing urban
growth and protecting open space: policy instruments and lessons learned in the
United States. Landscape and Urban Planning 69(2), 271-286.
BGMU (Bowling Green Municipal Utilities)., 2017. Wastewater History in Bowling
Green. Accessed 18 July 2017 from http://bgmu.com/about/t/wastewater.
Bo, L., Yi-Fan, Z., Bei-Bei, Z., Xian-Qing, W., 2018. A risk evaluation model for karst
groundwater pollution based on geographic information system and artificial
neural network applications. Environmental Earth Sciences 77(9), 344.
Bonacci, O., 2004. Hazards caused by natural and anthropogenic changes of catchment
area in karst. Natural Hazards and Earth System Science 4(5/6), 655-661.
Bowen, L., Baohui, M., Min, G., Zhengda, W., Dongfei, W., Chengyu, H., 2018. Water
Environmental Quality Evaluation of the Karst Water in Beijing. Nature
Environment and Pollution Technologies: An International Quarterly Scientific
Journal 17(2), 445-451.
Brewer, J., Crawford, N.C., 2005. Groundwater Basin Catchment Delineation and
Generalized Flow Routes through the Karst Aquifer Beneath Bowling Green,
Kentucky, USA. Bowling Green, KY. Special Report to the City and County
Planning Commission of Warren County.
Brindha, K., Elango, L., 2015. Cross comparison of five popular groundwater pollution
vulnerability index approaches. Journal of Hydrology 524, 597-613.
Brinkmann, R., Parise, M., 2012. Karst environments: problems, management, human
impacts, and sustainability. An introduction to the special issue. Journal of Cave
Karst Studies 74(2), 135-136.
Brinkmann, R., Parise, M., Dye D., 2008. Sinkhole distribution in a rapidly developing
urban environment: Hillsborough County, Tampa Bay area, Florida. Engineering
Geology 99, 169-184.
B.C. (British Columbia) 2003a. Karst inventory standards and vulnerability assessment
procedures for British Columbia. Version 2. Resources Information Standards
Committee, Karst Task Force, Victoria, B.C. Accessed 10 July 2017 from
http://archive.ilmb.gov.bc.ca/risc/ pubs/earthsci/karst_v2/karst_risc.pdf.
B.C. (British Columbia) 2003b. Karst management handbook for British Columbia. BC
Min. For. Res. Br., Victoria, B.C. Accessed 10 July 2017 from
www.for.gov.bc.ca/hfp/ publications/00189/Karst-Mgmt-Handbookweb.pdf.

259

Burian, S.J., Nix, S.J., Pitt, R.E., Durrans, S.R., 2000. Urban wastewater management in
the United States: past, present, and future. Journal of Urban Technology 7(3),
33-62.
Burns, M.J., Fletcher, T.D., Walsh, C.J., Ladson, A.R., Hatt, B.E., 2012. Hydrologic
shortcomings of conventional urban stormwater management and opportunities
for reform. Landscape and Urban Planning 105(3), 230-240.
Burri, E., Castiglioni, B., Sauro, U., 1999. Agriculture, landscape and human impact in
some karst areas of Italy. International Journal of Speleology 28(1), 3.
Butscher, C., Auckenthaler, A., Scheidler, S., Huggenberger, P., 2011. Validation of a
Numerical Indicator of Microbial Contamination for Karst Springs. Ground
Water 49, 66-76.
Calò, F., Parise, M., 2006. Evaluating the human disturbance to karst environments in
southern Italy. Acta Carsologica 35, 2-3.
Calò, F., Parise, M., 2009. Waste management and problems of groundwater pollution in
karst environments in the context of a post-conflict scenario: The case of Mostar
(Bosnia Herzegovina). Habitat International 33(1), 63-72.
Carey, D.I., Stickney, J.F., 2001. Groundwater Resources of Warren County, Kentucky
(Tech. No. OF-01-114). Kentucky Geological Survey: Lexington, Kentucky.
Casagrande, G., Cucchi, F., Zini, L., 2005. Hazard connected to railway tunnel
construction in karstic area: applied geomorphological and hydrogeological
surveys. Natural Hazards and Earth System Science 5(2), 243-250.
CDC (Center for Disease Control), 2013. Antibiotic Resistance Threats in the United
States, 2013. Antibiotic Resistance Threats Report 2013: Center for Disease
Control and Prevention.
Cesin, G., Crawford, N., 2005. Urban Stormwater Management for Cities built
around Karst: Bowling Green, Kentucky, USA. Paper presented at the
Fourteenth International Congress of Speleology, Athens, Greece, August 21-28.
Chande, M.M., Mayo, A.W., 2019. Assessment of Groundwater Vulnerability and
Water Quality of Ngwerere Sub-Catchment Urban Aquifers in Lusaka, Zambia.
Physics and Chemistry of the Earth, Part A/B/C,
https://doi.org/10.1016/j.pce.2019.03.004
Charizopoulos, N., Zagana, E., Psilovikos, A., 2018. Assessment of natural and
anthropogenic impacts in groundwater, utilizing multivariate statistical analysis
260

and inverse distance weighted interpolation modeling: the case of a Scopia basin
(Central Greece). Environmental Earth Sciences 77, 380.
Chen, J., 2007. Rapid urbanization in China: a real challenge to soil protection and food
security. Catena 69(1), 1-15.
Chen, H., Zhang, M., 2013. Occurrence and removal of antibiotic resistance genes in
municipal wastewater and rural domestic sewage treatment systems in eastern
China. Environment International 55, 9-14.
Choi, K.S., Ball, J.E., 2002. Parameter estimation for urban runoff modelling. Urban
Water 4(1), 31-41.
Chourasia, L.P., 2018. Assessment of Groundwater Quality Using Water Quality Index
in and Around Korba City, Chhattisgarh, India. America Journal of Software
Engineering and Applications 7(1), 15-21.
Clean Water Act, 1972. 33 U.S.C. Ch. 26, Water Pollution Prevention and Control.
Washington, D.C.: U.S. Government.
Clemens, T., Hückinghaus, D., Sauter, M., Liedl, R., Teutsch, G., 1996. A combined
continuum and discrete network reactive transport model for the simulation of
karst development. IAHS Publication 309-320.
Cohen, B., 2006. Urbanization in developing countries: Current trends, future
projections, and key challenges for sustainability. Technology in Society 28(1),
63-80.
Colarullo, S.J., Heidari, M., 1984. Identification of an optimal groundwater management
strategy in a contaminated aquifer. Journal of the American Water Resources
Association 20(5), 747-760.
Congress (United States), 1988. Federal Cave Resources Protection Act of 1988. Public
Law 100-691.
Congress (United States), 1998. National Cave and Karst Research Institute Act of
1998. Public Law 105-325.
Courtier, A., Cadiere, A., Roig, B., 2018. Human Pharmaceuticals: Why and how to
reduce their presence in the environment. Current Opinion in Green and
Sustainable Chemistry 15, 77-82.
Crawford, N., 1984. Toxic and explosive fumes rising from carbonate aquifers: A hazard
for residents of sinkhole plains. Proceedings of the First Multidisciplinary
Conference on Sinkholes. Orlando, Florida. October 15-17, 1984.
261

Crawford, N., Groves, C., Feeney, T., Keller, B., 1987. Hydrology of the Lost River
Groundwater Basin, Warren County, Kentucky. Frankfort, KY: A Special report
for the Kentucky Natural Resources and Environmental Protection Cabinet,
Division of Water, and the Barren River Area Development District, 15-19.
Crawford, N., 1989. The Karst Landscape of Warren County: Warren County
Comprehensive Plan. Bowling Green. Bowling Green, KY: Special Report to the
City-County Planning Commission of Warren County, 22-41.
Croskrey, A., Groves, C., 2008. Groundwater sensitivity mapping in Kentucky using
GIS and digitally vectorized geologic quadrangles. Environmental
Geology 54(5), 913-920.
da Silva, A.K., Amador, J., Cherchi, C., Miller, S.M., Morse, A.N., Pellegrin, M.L.,
Wells, M.J., 2013. Emerging pollutants–part I: occurrence, fate and
transport. Water Environment Research 85(10), 1978-2021.
Daesslé, L.W., Ruiz-Montoya, L., Tobschall, H.J., Chandrajith, R., Camacho-Ibar, V. F.,
Mendoza-Espinosa, L.G., Quintanilla-Montoya, A.L., Lugo-Ibarra, K.C., 2009.
Fluoride, nitrate and water hardness in groundwater supplied to the rural
communities of Ensenada County, Baja California, Mexico. Environmental
Geology 58(2), 419-429.
Das, M., Nayak, A.K., 2018. Groundwater quality assessment and mapping using
multivariate statistics and analytic hierarchy process in Bhubaneswar city,
Odisha, India. International Journal of Water 12(3), 195-207.
Davraz, A., Karaguzel, R., Soyaslan, I., Sener, E., Seyman, F., Sener, S., 2009.
Hydrogeology of karst aquifer systems in SW Turkey and an assessment of water
quality and contamination problems. Environmental Geology 58(5), 973-988.
Day, M., 2010. Human interaction with Caribbean karst landscapes: past, present and
future. Acta Carsologica 39(1).
Day, M., Halfen, A., Chenoweth, S., 2011. The Cockpit Country, Jamaica: boundary
issues in assessing disturbance and using a Karst disturbance index in protected
areas planning. In van Beynen (ed.), Karst Management. Springer: Netherlands,
399-414.
Day, M., Reynolds, B., 2012. Five Blues Lake National Park, Belize: A Cautionary
Management Tale. Journal of Cave and Karst Studies 74(2), 213-220.

262

Deasy, B.M., Rea, M.C., Fitzgerald, G.F., Cogan, T.M., Beresford, T.P., 2000. A rapid
PCR based method to distinguish between Lactococcus and Enterococcus.
System Application Microbiology 23, 510–522.
Deblonde, T., Carole, C., Hartemann, P., 2011. Emerging pollutants in wastewater: A
review of the literature. International Journal of Hygiene and Environmental
Health 214 (6), 442-448.
Delle Rose, M., Parise, M., 2010. Water management in the karst of Apulia, southern
Italy. In: Bonacci, O. (ed.), Proceedings International Interdisciplinary Scientific
Conference “Sustainability of the karst environment. Dinaric karst and other karst
regions”, Plitvice Lakes (Croatia), 23-26 September 2009, IHP-UNESCO, Series
on Groundwater no. 2, 33-40.
Delle Rose, M., Parise, M., Andriani, G. F., 2007. Evaluating the impact of quarrying on
karst aquifers of Salento (southern Italy). In: Parise, M., Gunn, J., (eds.) Natural
and Anthropogenic Hazards in Karst Areas. Geological Society of London:
London, Special Publication 279, 153-171.
Devarajan, N., Laffite, A., Mulaji, C.K., Otamonga, J.P., Mpiana, P.T., Mubedi, J.I.,
Prabakar, K., Ibelings, B.W., Poté, J., 2016. Occurrence of antibiotic resistance
genes and bacterial markers in a tropical river receiving hospital and urban
wastewaters. PLOS One 11(2).
de Waele, J., and Follesa, R., 2004. Human impact on karst: the example of Lusaka
(Zambia). International Journal of Speleology 32(1), 5.
de Waele, J.D., Plan, L., Audra, P., 2009. Recent developments in surface and
subsurface karst geomorphology: An introduction. Geomorphology 106(1-2), 18.
de Waele, J.D., Gutiérrez, F., Parise, M., and Plan, L., 2011. Geomorphology and
natural hazards in karst areas: A review. Geomorphology 134(1-2), 1-8.
Dicken, S., 1935. Kentucky karst landscapes. Journal of Geology 43(7), 708-728.
Doerfliger, N., Jeannin, P.Y., Zwahlen, F., 1999. Water vulnerability assessment in karst
environments: a new method of defining protection areas using a multi-attribute
approach and GIS tools (EPIK method). Environmental Geology 39(2), 165-176.
Donaldson, B., 2004. Highway Runoff in Areas of Karst Topography. Virginia
Transportation Research Council, Charlottesville, VA. Accessed on 24 October,
2016 from http://www.virginiadot.org/vtrc/main/online_reports/pdf/04-r13.pdf

263

Dong, W., Xie, W., Su, X., Wen, C., Cao, Z., Wan, Y., 2018. Review: Micro-organic
contaminants in groundwater in China. Hydrogeology Journal 5, 1351-1369.
Dörfliger, N., Plagnes, V., Kavouri, K., 2010. PaPRIKa: A multicriteria vulnerability
method as a tool for sustainable management of karst aquifers Example of
application on a test site in SW France. Sustainability of the Karst Environment
49-56.
Doummar, J., Aoun, M., 2018. Occurrence of selected domestic and hospital emerging
micropollutants on a rural surface water basin linked to a groundwater karst
catchment. Environmental Earth Sciences 77, 351.
Drangert, J.O., Cronin, A.A., 2004. Use and abuse of the urban groundwater resource:
implications for a new management strategy. Hydrogeology Journal 12(1), 94102.
Dreiss, S.J., 1983. Linear unit-response functions as indicators of recharge areas for
large karst springs. Journal of Hydrology 61(1-3), 31-44.
Dreybrodt, W., 1988. Models of Karst Development from the Initial State to Maturity.
Processes in Karst Systems 218-255.
Dufresne, D.P., Drake, C.W., 1999. Regional groundwater flow model construction and
wellfield site selection in a karst area, Lake City, Florida. Engineering
Geology 52(1), 129-139.
Durkee, J.D., Campbell, L., Berry, K., Jordan, D., Goodrich, G., Mahmood, R., Foster,
S., 2012. A synoptic perspective of the record 1-2 May 2010 mid-South heavy
precipitation event. Bulletin of the American Meteorological Society 93(5), 611620.
Einsiedl, F., Radke, M., Maloszewski, P., 2010. Occurrence and transport of
pharmaceuticals in a karst groundwater system affected by domestic wastewater
treatment plants. Journal of Contaminant Hydrology 117(1), 26-36.
Ellis, J.B., Revitt, D.M., Lundy, L., 2012. An impact assessment methodology for urban
surface runoff quality following best practice treatment. Science of the Total
Environment 416, 172-179.
EPA (Environmental Protection Agency), 1999. The Class V underground injection
control study volume 3: Storm Water Drainage Wells. Washington, D.C.: EPA,
Office of Ground Water and Drinking Water, 2-46.
EPA (Environmental Protection Agency), 2003. Storm water discharges.
264

Washington, D.C.: EPA, Accessed online 25 July, 2017 from:
http://www.gpo.gov/fdsys/pkg/CFR-2003-title40-vol19/pdf/CFR-2003-title40vol19-sec122-26.pdf.
EPA (Environmental Protection Agency), 2012. National Pollutant Discharge
Elimination System (NPDES). Washington, D.C.: EPA, Accessed 25 July 2017,
from http://cfpub.epa.gov/npdes/stormwater/swfinal.cfm.
EPA (Environmental Protection Agency), 2013. Laws and Regulations: Summary of the
Clean Water Act. Washington, D.C.: EPA, Accessed 24 October 2016 from
http://www.epa.gov/lawsregs/laws/cwa.html.
EPA (Environmental Protection Agency), 2017. Drinking Water Treatment Source
Water Early Warning System State of the Science Review Report. EPA/600/R17/405.
Escolero, O.A., Marin, L.E., Steinich, B., Pacheco, A.J., Cabrera, S.A., Alcocer, J.,
2002. Development of a protection strategy of karst limestone aquifers: the
Merida Yucatan, Mexico case study. Water Resources Management 16(5), 351367.
Farrant, A.R., and Cooper, A.H., 2008. Karst geohazards in the UK: the use of digital
data for hazard management. Quarterly Journal of Engineering Geology and
Hydrogeology 41(3), 339-356.
Ficco, K.K., Sasowsky, I.D., 2018. An interdisciplinary framework for the protection of
karst aquifers. Environmental Science and Policy 89, 41-48.
Fletcher, T.D., Andrieu, H., Hamel, P., 2013. Understanding, management and
modelling of urban hydrology and its consequences for receiving waters: A state
of the art. Advances in Water Resources 51, 261-279.
Florida, Department of Environmental Protection Office of Water Policy, 2016a.
Groundwater Management Program.
Florida Department of Environmental Protection Office of Water Policy, 2016b. Florida
Springs and Aquifer Protection Act.
Florida Springs and Aquifer Protection Act, 2016. Bill 552. Ch. 2016-1. Environmental
Resources. Florida Senate.
Force, F.S.T., 2000. Florida’s springs: strategies for protection and restoration. Florida
Springs Task Force Report to the Florida Department of Environmental
Protection, 59.
265

Ford, D., Williams, P. W., 2007. Karst Hydrology and Geomorphology. John Wiley and
Sons Ltd.: Chichester, United Kingdom.
Ford, D. C., 2006. Karst geomorphology, caves and cave deposits: A review of North
American contributions during the past half century. Special Paper 404:
Perspectives on Karst Geomorphology, Hydrology, and Geochemistry - A
Tribute Volume to Derek C. Ford and William B. White, 1-13.
Ford, D., 2015. The science of caves and karst: From the beginning of the Geological
Society of America to ca. 1960. Caves and Karst Across Time Geological
Society of America Special Papers, 1-17.
Foster, S.S.D., 1987. Fundamental concepts in aquifer vulnerability, pollution risk and
protection strategy. In van Duijevenbooden, W., Van Waegeningh, H.G. (eds.).
Vulnerability of Soil and Groundwater to Pollutants. Proceedings and
information No. 838 of the International Conference held in the Netherlands,
TNO Committee on Hydrogeological Research, Delft, The Netherlands, 69–86.
Foster, S.S., Lawrence, A., Morris, B., 1998. Groundwater in Urban Development:
Assessing Management Needs and Formulating Policy Strategies. Vol. 390.
Washington, D.C.: World Bank Publications.
Foster, S., Tuinhof, A., Kemper, K., Garduno, H., Nanni, M., 2003. Groundwater
Management Strategies: Facets of the Integrated Approach, GW Mate Briefing
Note Ser. 3. Washington, D.C.: World Bank Publications.
Foster, S., Ait-Kadi, M., 2012. Integrated Water Resources Management (IWRM): how
does groundwater fit in? Hydrogeology Journal 20(3), 415-418.
Freitas, L., Afonso, M.J., Pereira, A.J.S.C., Delerue-Matoas, C., Chaminé, H.I., 2019.
Assessment of sustainability of groundwater in urban areas (Porto, NW
Portugal): a GIS mapping approach to evaluate vulnerability, infiltration and
recharge. Environmental Earth Sciences 78, 140.
Fout, G.S., Borchardt, M.A., Kieke, B.A., and Karim, M.R., 2017. Human virus and
microbial indicator occurrence in public-supply groundwater systems: metaanalysis of 12 international studies. Hydrogeology Journal 25(4), 903-919.
Frumkin, A., 1999. Interaction between karst, water and agriculture over the climatic
gradient of Israel. International Journal of Speleology 28(1), 7.
Frumkin, H., 2002. Urban sprawl and public health. Public Health Reports 117(3), 201.
Gabrovšek, F., Knez, M., Kogovšek, J., Mihevc, A., Mulec, J., Perne, M., Petric, M.,
Pipan, T., Prelovšek, M., Slabe, T., Šebela, S., Ravbar, N., 2011. Development
266

challenges in karst regions: sustainable land use planning in the karst of
Slovenia. Carbonates and Evaporites 26(4), 365-380.
Gams, I., Nicod, J., Julian, M., Anthony, E., Sauro, U., 1993. Environmental change and
human impacts on the Mediterranean karsts of France, Italy and the Dinaric
region. Catena Supplement 25, 59-59.
Gao, Y., Alexander, E. C., Barnes, R. J., 2005a. Karst database implementation in
Minnesota: analysis of sinkhole distribution. Environmental Geology 47(8),
1083-1098.
Gao, Y., Alexander, E.C., Tipping, R.G., 2005b. Karst database development in
Minnesota: design and data assembly. Environmental Geology 47(8), 1072-1082.
Gao, Y., Tipping, R.G., Alexander Jr, E.C., 2006. Applications of GIS and database
technologies to manage a karst feature database. Journal of Cave and Karst
Studies 68(3), 144-152.
Gao, Y., Zhou, W., 2008. Advances and challenges of GIS and DBMS applications in
karst. Environmental Geology 54(5), 901-904.
Gavrilescu, M., Demnerová, K., Aamand, J., Agathos, S., Fava, F., 2015. Emerging
pollutants in the environment: present and future challenges in biomonitoring,
ecological risks and bioremediation. New Biotechnology 32(1), 147-156.
Gnanachandrasamy, G., Dushiyanthan, C., Rajakumar, T.J., Zhou, Y., 2018. Assessment
of hydrogeochemical characteristics of groundwater in the lower Vellar river
basin: using Geographical Information System (GIS) and Water Quality Index
(WQI). Environment, Development, and Sustainability 1-31.
Gogu, R.C., Hallet, V., and Dassargues, A., 2003. Comparison of aquifer vulnerability
assessment techniques. Application to the Néblon river basin
(Belgium). Environmental Geology 44(8), 881-892.
Goldscheider, N., 2005. Karst groundwater vulnerability mapping: application of a new
method in the Swabian Alb, Germany. Hydrogeology Journal 13(4), 555-564.
Gondwe, B.R., Merediz-Alonso, G., and Bauer-Gottwein, P., 2011. The influence of
conceptual model uncertainty on management decisions for a groundwaterdependent ecosystem in karst. Journal of Hydrology 400(1), 24-40.
Göppert, N., and Goldscheider, N., 2007. Solute and Colloid Transport in Karst
Conduits under Low- and High-Flow Conditions. Ground Water 46(1), 61-68.

267

Gorelick, S.M., 1983. A review of distributed parameter groundwater management
modeling methods. Water Resources Research Water 19(2), 305-319.
Groundwater Contamination, 2016. Accessed 23 October 2016 from
http://www.groundwater.org/get-informed/groundwater/contamination.html
Groves, C., 1987. Part I: Hydrology of the Lost River Karst Groundwater Basin. In
Crawford, N.C., Groves, C., Feeney, T.P., and Keller, B.J. (eds.) Agricultural
and Urban Nonpoint Source Pollution Impacts on Karst Aquifers in the
Pennyroyal Karst Region of Kentucky. Frankfort: Kentucky Natural Resources
and Environmental Protection Cabinet, 38-58.
Gunn, J., 2007. Contributory zone definition for groundwater source protection and
hazard mitigation in carbonate aquifers. In: Parise, M., Gunn, J., (eds.) Natural
and Anthropogenic Hazards in Karst Areas. Geological Society of London:
London, Special Publication 279, 97–109
Guo, F., Yuan, D., Qin, Z., 2010. Groundwater contamination in karst areas of
Southwestern China and recommended countermeasures. Acta
Carsologica 39(2), 380-399.
Guo, F., Jiang, G., 2011. Karst groundwater management through science and
education. Open Journal of Geology 1(03), 45.
Gutiérrez, F., Parise, M., de Waele, J., Jourde, H., 2014. A review on natural and
human-induced geohazards and impacts in karst. Earth-Science Reviews 138, 6188.
Guy-Baker, C.L., 2018. Developing a TOPOSWAT Model and Water Quality Index
Framework for the Karst-Dominant Falling Water River Watershed. Master
Thesis. Department of Engineering, Tennessee Technological University.
Han, Y.H., Lau, S.L., Kayhanian, M., and Stenstrom, M.K., 2006. Correlation analysis
among highway stormwater pollutants and characteristics. Water Science and
Technology 53(2), 235-243.
Hao, Y., Cao, B., Chen, X., Yin, J., Sun, R., Yeh, T.C.J., 2013. A piecewise grey system
model for study the effects of anthropogenic activities on karst hydrological
processes. Water Resources Management 27(5), 1207-1220.
Hao, H., Shi, D., Yang, D., Yang, Z., Qui, Z., Shen, Z., Yin, J., Wang, H., Li, J., Wang,
H., Jin, M., 2018. Profiling of intracellular and extracellular antibiotic resistance
genes in tap water. Journal of Hazardous Materials 365, 340-345.

268

Harding, K. A., Ford, D., 1993. Impact of primary deforestation upon limestone slopes
in northern Vancouver Island, British Columbia. Environmental Geology 21,
137-143.
Harkins, R.D., 1974. An Objective Water Quality Index. Journal (Water Pollution
Control Federation) 46(3).
Harley, G.L., Reeder, P.P., Polk, J.S., van Beynen, P.E., 2010. Developing a GIS-based
inventory for the implementation of cave management protocols in
Withlacoochee State Forest, Florida. Journal of Cave and Karst Studies 72(1),
35-42.
Harley, G.L., Polk, J.S., North, L.A., Reeder, P.P., 2011. Application of a cave inventory
system to stimulate development of management strategies: The case of westcentral Florida, USA. Journal of Environmental Management 92(10), 25472557.
Hass, U., Duennbier, U., Massmann, G., 2012. Occurrence and distribution of
psychoactive compounds and their metabolites in the urban water cycle of Berlin
(Germany). Water Research 46(18), 6013-6022.
Hatt, B.E., Fletcher, T.D., Walsh, C.J., Taylor, S.L., 2004. The influence of urban
density and drainage infrastructure on the concentrations and loads of pollutants
in small streams. Environmental Management 34(1), 112-124.
Heinz, B., Birk, S., Liedl, R., Geyer, T., Straub, K.L., Andresen, J., Bester, K., Kappler,
A., 2009. Water quality deterioration at a karst spring (Gallusquelle, Germany)
due to combined sewer overflow: evidence of bacterial and micro-pollutant
contamination. Environmental Geology 57(4), 797-808.
Hewitt, C.N., Rashed, M.B., 1992. Removal rates of selected pollutants in the runoff
waters from a major rural highway. Water Research 26(3), 311-319.
Hillebrand, O., 2014. Fate of organic micropollutants in a karst aquifer systemImplications for sustainable raw water management. Doctoral Dissertation.
Department of Geosciences, The Georg-August University of Gottingen.
Hoetzl, H., Adams, B., Adwell, R., Daly, D., Herlicska, H., Hummer, G., De Ketelaere,
D., Silva, M.L., Sindler, M., Tripet, J.P. 1995. ‘Regulations’, in
COST Action 65. Hydrogeological Aspects of Groundwater Protection in Karstic
Areas, Final report, European Commission, Luxembourg, 446 p.
Horakova, K., Mlejnkova, H., Mlejnek, P., 2008. Specific detection of Escherichia coli
isolated from water samples using polymerase chain reaction targeting four
269

genes: cytochrome bd complex, lactose permease, beta-D-glucuronidase, and
beta-D-galactosidase. Journal of Applied Microbiology 105, 970–976.
Howard, G., Bartram, J., Pedley, S., Schmoll, O., Chorus, I., Berger, P., 2006.
Groundwater and Public Health. Protecting Groundwater for Health: Managing
the Quality of Drinking-Water Sources. International Water Association
Publishing: London, 3-19.
Howard, K.W., 2015. Sustainable cities and the groundwater governance
challenge. Environmental Earth Sciences 73(6), 2543-2554.
Huang, F., Zou, S., Deng, D., Lang, H., Liu, F., 2019. Antibiotics in a typical karst river
system in China: Spatiotemporal variation and environmental risks. Science of
the Total Environment 650, 1348-1355.
Huppert, G.N., 1995. Legal protection for caves in the United States. Environmental
Geology 26(2), 121-123.
Igbal, M.Z., Krothe, N.C., 1995. Infiltration mechanisms related to agricultural waste
transport through the soil mantle to karst aquifers of southern Indiana, USA.
Journal of Hydrology 164(1-4), 171-192.
Jalova, V., Jarošová, B., Blaha, L., Giesy, J. P., Ocelka, T., Grabic, R., Jurčíková, J,
Vrana, B., Hilscherova, K., 2013. Estrogen-, androgen-and aryl hydrocarbon
receptor mediated activities in passive and composite samples from municipal
waste and surface waters. Environment International 59, 372-383.
Jenifer, M.A., Jha, M.K., 2018. Comprehensive risk assessment of groundwater
contamination in a weathered hard-rock aquifer system of India. Journal of
Cleaner Production, 201, 853-868.
Jiang, Y., Yan, J., 2010. Effects of land use on hydrochemistry and contamination of
Karst groundwater from Nandong underground river system, China. Water, Air,
and Soil Pollution 210(1-4), 123-141.
Jiang, Y., Cao, M., Yuan, Y., Zhang, Y., He, Q., 2018. Hydrogeological characterization
and environmental effects of the deteriorating urban karst groundwater in a karst
trough valley: Nanshan, SW China. Hydrogeology Journal 26(5), 1487-1497.
Jin, D., Kong, X., Cui, B., Jin, S., Xie, Y., Wang, X., Deng, Y., 2018. Bacterial
communities and potential waterborne pathogens within the typical urban surface
waters. Scientific Reports: A Nature Research Journal 8.
Johnson, T.B., McKay, L.D., Layton, A.C., Jones, S.W., Johnson, G.C., Cashdollar, J.
L., Dahling, L.F., Villegas, G., Fout, D.E., Williams, D.E., Sayler, G., 2011.
270

Viruses and bacteria in karst and fractured rock aquifers in East Tennessee,
USA. Groundwater 49(1), 98-110.
Kačaroğlu, F., 1999. Review of groundwater pollution and protection in karst
areas. Water, Air, and Soil Pollution, 113(1), 337-356.
Kalhor, K., Ghasemizadeh, R., Rajic, L., Alshawabkeh, A., 2018. Assessment of
Groundwater Quality and Remediation in Karst Aquifers: A Review.
Groundwater for Sustainable Development 8, 104-121.
KAR (Kentucky Administrative Regulations), 1994. Groundwater Protection Plan:
401KAR 5:037. Frankfort, KY: KAR. Accessed 10 July 2017 from
http://www.lrc.state.ky.us/kar/401/005/037.htm
Karst Is a Landscape, 2012. Accessed on 23 October 2016 from
https://www.uky.edu/KGS/water/general/karst/karst_landscape.htm
Kastning, E.H., Kastning, K.M., 1999. Misconceptions about caves and karst: Common
problems and educational solutions. In Proceedings of the 14th National Cave
and Karst Management Symposium 99-107.
KDOW (Kentucky Division of Water), 2010. Kentucky Pollutant Discharge
Elimination System Permit to Discharge from a Small Municipal Separate Storm
Sewer System into Waters of the Commonwealth. Frankfort, KY: Kentucky
Department for Environmental Protection.
Kelly, W.R., Panno, S.V., Hackley, K.C., Martinsek, A.T., Krapac, I.G., Weibel, C.P.,
and Storment, E.C., 2009. Bacteria contamination of groundwater in a mixed
land-use karst region. Water Quality, Exposure and Health 1(2), 69-78.
Kemmerly, P., 1981. The need for recognition and implementation of a sinkholefloodplain hazard designation in urban karst terrains. Environmental
Geology 3(5), 281-292.
Kentucky State Data Center: Population Estimates, 2017. Accessed 18 July 2017 from
http://www.ksdc.louisville.edu/data-downloads/estimates/
Kinzelbach, W., Bauer, P., Siegfried, T., Brunner, P., 2003. Sustainable groundwater
management--Problems and scientific tool. Episodes-Newsmagazine of the
International Union of Geological Sciences 26(4), 279-284.
Knez, M., Slabe, T., 2002. Karstology and the Opening of Caves
During Motorway Construction in the Karst Region of Slovenia. International
Journal of Speleology 31(1/4), 159-168.
271

Kormos, J. L., Schulz, M., Ternes, T. A., 2011. Occurrence of iodinated X-ray contrast
media and their biotransformation products in the urban water
cycle. Environmental Science and Technology 45(20), 8723-8732.
Kovarik, J.L., 2015. A Composite Spatial Model Incorporating Groundwater
Vulnerability and Environmental Disturbance to Guide Land Management.
Doctoral Dissertation. School of Geosciences, University of South Florida.
KPDES (Kentucky Pollutant Discharge Elimination System), 2010. Fact Sheet.
Frankfort, KY: Energy and Environment Cabinet. Accessed July 25, 2017 from
http://water.ky.gov/wet_weather/Documents/Phase%20II%20General%20Permit
%20Issued.pdf
Kratz, B., DeHan, R., 1996. Issues for Watershed Management in Florida. Accessed 10
July 2017 from https://pubs.usgs.gov/fs/FS-080-96/
KRS, 1988. Kentucky Cave Protection Act: KRS 433.871-885. Frankfort, KY: KRS.
Langer, W.H., 2001. Potential environmental impacts of quarrying stone in karst: a
literature review. U.S. Department of the Interior, U.S. Geological Survey.
LaMoreaux, P.E., Powell, W.J., LeGrand, H.E., 1997. Environmental and legal aspects
of karst areas. Environmental Geology 29(1), 23-36.
Lapworth, D.J., Baran, N., Stuart, M.E., Manamsa, K., Talbot, J., 2015. Persistent and
emerging micro-organic contaminants in Chalk groundwater of England and
France. Environmental Pollution 203, 214-225.
Lawhon, N., 2014. Investigating Telogenetic Karst Aquifer Processes and Evolution in
South-Central Kentucky, U.S., Using High Resolution Storm Hydrology and
Geochemistry Monitoring. Master Thesis. Department of Geography and
Geology, Western Kentucky University.
Leclerc, H., Edberg, S., Pierzo, V., Delattre, J.M., 2000. Bacteriophages as indicators of
enteric viruses and public health risk in groundwaters. Journal of Applied
Microbiology 88(1), 5-21.
Lee, E.S., Krothe, N.C., 2001. A four-component mixing model for water in a karst
terrain in south-central Indiana, USA. Using solute concentration and stable
isotopes as tracers. Chemical Geology 179(1-4), 129-143.
Lerch, R.N., 2011. Contaminant transport in two central Missouri karst recharge
areas. Journal of Cave and Karst Studies 73(2), 99-113.

272

Lerner, D.N., Harris, B., 2009. The relationship between land use and groundwater
resources and quality. Landuse Policy 26, S265-S273.
Li, P., Wu, J., 2019. Drinking Water Quality and Public Health. Exposure and Health, 19.
Lima, M., L., Romanelli, A., Calderon, G., Massone, H., 2019. Multi-criteria decision
model for assessing groundwater pollution risk in the urban-rural interface of
Mar del Plata City (Argentina). Environmental Monitoring Assessment 191:347.
Livingston, E., McCarron, M., 1991. Stormwater Management: A Guide for
Floridians. Tallahassee, FL: Florida Department of Environmental Regulation,
12-35.
Liu, W., Chen, W., Feng, Q., Peng, C., Kang, P., 2016. Cost-Benefit Analysis of Green
Infrastructures on Community Stormwater Reduction and Utilization: A Case of
Beijing, China. Environmental Management 58(6), 1015-1026.
Long, H., Liu, Y., Hou, X., Li, T., Li, Y., 2014. Effects of land use transitions due to
rapid urbanization on ecosystem services: Implications for urban planning in the
new developing area of China. Habitat International 44, 536-544.
Loukas, A., Mylopoulos, N., Vasiliades, L., 2007. A modeling system for the evaluation
of water resources management strategies in Thessaly, Greece. Water Resources
Management 21(10), 1673-1702.
Mace, C.E., 1921. Sewer System More Than a Million Years Old. Popular Mechanics
35(5), 24-33.
Machiwal, D., Rangi, N., Sharma, A., 2015. Integrated knowledge-and data-driven
approaches for groundwater potential zoning using GIS and multi-criteria
decision-making techniques on hard-rock terrain of Ahar catchment, Rajasthan,
India. Environmental Earth Sciences 73(4), 1871-1892.
Machiwal, D., Cloutier, V., Güler, C., Kazakis, N., 2018a. A review of GIS-integrated
statistical techniques for groundwater quality evaluation and protection.
Environmental Earth Sciences 77, 681.
Machiwal, D., Jha, M.K., Singh, V.P., Mohan, C., 2018b. Assessment and mapping of
groundwater vulnerability to pollution: Current status and challenges. EarthScience Reviews 185, 901-927.
Mahler, B. J., Personné, J. C., Lods, G. F., Drogue, C., 2000. Transport of free and
particulate-associated bacteria in karst. Journal of Hydrology 238(3), 179-193.
273

Malik, P., Svasta, J., 1999. REKS an alternative method of karst groundwater
vulnerability estimation. In Hydrogeology and Land Use Management. XXIX
Congress of IAH, Bratislava, 79-85.
Malekovi, S., Tišma, S., Farkaš, A., 2010. Capacity for managing local development in
karst areas. Sustainability of the Karst Environment, 129-136.
Masciopinto, C., Liso, I.S., 2016. Assessment of the impact of sea-level rise due to climate
change on coastal groundwater discharge. Science of the Total Environment 569–570,
672-680.
Megdal, S.B., Gerlak, A.K., Huang, L.Y., Delano, N., Varady, R.G., Petersen-Perlman,
J.D., 2017. Innovative Approaches to Collaborative Groundwater Governance in
the United States: Case Studies from Three High-Growth Regions in the Sun
Belt. Environmental Management 59(5), 718-735.
Metcalfe, C.D., 2013. Pharmaceutical contaminants of emerging concern in the
environment. Environmental Toxicology and Chemistry 32(8), 1683-1684.
Miguntanna, N.S., Egodawatta, P., Kokot, S., Goonetilleke, A., 2010. Determination of
a set of surrogate parameters to assess urban stormwater quality. Science of the
Total Environment 408(24), 6251-6259.
Milanović, S., Vasić, L., 2015. Monitoring of Karst Groundwater. In: Stevanovic, Z.
(ed) Karst Aquifers—Characterization and Engineering. Springer International
Publishing: London, 335-359.
Mimi, Z.A., Mahmoud, N., Madi, M.A., 2012. Modified DRASTIC assessment for
intrinsic vulnerability mapping of karst aquifers: a case study. Environmental
Earth Sciences 66(2), 447-456.
Mogaji, K.A., 2018. Application of vulnerability modeling techniques in groundwater
resources management: a comparative study. Applied Water Science 8, 127.
Molerio Leόn, L., Parise, M., 2009. Managing environmental problems in Cuban karstic
aquifers. Environmental Geology 58(2), 275-283.
Morris, B.L., Lawrence, A.R., Chilton, P.J.C., Adams, B., Calow, R.C., and Klinck, B.
A., 2003. Groundwater and its Susceptibility to Degradation: A Global
Assessment of the Problem and Options for Management (Vol. 3). United
Nations Environment Programme.
Müller, B., Scheytt, T., Grützmacher, G., 2013. Transport of primidone, carbamazepine,
and sulfamethoxazole in thermally treated sediments—laboratory column
experiments. Journal of Soils and Sediments 13(5), 953-965.
274

Narciso-da-Rocha, C., Rocha, J., Vaz-Moreira, I., Lira, F., Tamames, J., Henriques, I.,
Martinez, J.L., Manaia, C.M., 2018. Bacterial lineages putatively associated with
the dissemination of antibiotic resistance gene in a full-scale urban wastewater
treatment plant. Environmental International 118, 179-188.
NGWMN (National Framework for Ground-water Monitoring in the United States),
2013. Prepared by the Subcommittee on Ground water of the Advisory
Committee on Water Information. Washington, D.C.
Nechyba, T.J., Walsh, R.P., 2004. Urban sprawl. The Journal of Economic Perspectives
18(4), 177-200.
Nedvidek, D.C., 2014. Evaluating the Effectiveness of Regulatory Stormwater
Monitoring Protocols on Groundwater Quality in Urbanized Karst Regions.
Masters Thesis. Department of Geography and Geology, Western Kentucky
University.
Nguyet, V.T.M., Goldscheider, N., 2006. A simplified methodology for mapping
groundwater vulnerability and contamination risk, and its first application in a
tropical karst area, Vietnam. Hydrogeology Journal 14(8), 1666-1675.
NOAA (National Oceanic and Atmospheric Administration), 2019. ClimatologyBowling Green, KY. Washington, D.C.: NOAA. Accessed 28 May 2019 from
http://www.crh.noaa.gov/lmk/?n=clibwg.
NOAA (National Oceanic and Atmospheric Administration), 2019. ClimatologyTampa Bay Area, FL. Washington, D.C.: NOAA. Accessed 28 May 2019 from
http://www.crh.noaa.gov/lmk/?n=clibwg.
Nou, X., Arthur, T.M., Bosilevac, J.M., Brichta-Harhay, D.M., Guerini, M.N., et al.,
2006. Improvement of immunomagnetic separation for Escherichia coli
O157:H7 detection by the PickPen magnetic particle separation device. Journal
of Food Protection 69, 2870–2874.
Nicod, J., Julian, M., Anthony, E., 1997. A historical review of man-karst relationships:
miscellaneous uses of karst and their impact. Rivista di Geografia Italiana 103,
289-338.
North, L.A., van Beynen, P.E., Parise, M., 2009. Interregional comparison of karst
disturbance: West-central Florida and southeast Italy. Journal of Environmental
Management 90(5), 1770-1781.

275

Nucera, D.M., Maddox, C.W., Hoien-Dalen, P., Weigel, R.M., 2006. Comparison of
API 20E and invA PCR for identification of Salmonella enterica isolates from
swine production units. Journal of Clinical Microbiology 44, 3388– 3390.
Olds, H.T., Corsi, S.T., Dila, D.K., Halmo, K.M., Bootsma, M.J., McLellan, S.L., 2018.
High levels of sewage contamination released from urban sewers after storm
events: A quantitative survey with sewage specific bacterial indicators. PLoS
Medicine 15, 7.
Oroji, B., Karimi, Z.F., 2017. Application of DRASTIC model and GIS for evaluation of
aquifer vulnerability: case study of Asadabad, Hamadan (western Iran).
Geosciences Journal 22(5), 843-855.
Oroji, B., 2018. Groundwater vulnerability assessment using GIS-based DRASTIC and
GOD in the Asadabad plain. Journal of Materials and Environmental Sciences
9(6), 1809-1816.
Onorati, G., Di Meo, T., Bussettini, M., Fabiani, C., Farrace, M.G., Fava, A., Ferronato,
A., Mion, F., Marchetti, G., Martinelli, A., Mazzoni, M., 2006. Groundwater
quality monitoring in Italy for the implementation of the EU water framework
directive. Physics and Chemistry of the Earth, Parts A/B/C 31(17), 1004-1014.
Panagopoulos, G.P., Antonakos, A.K., Lambrakis, N.J., 2006. Optimization of the
DRASTIC method for groundwater vulnerability assessment via the use of
simple statistical methods and GIS. Hydrogeology Journal 14(6), 894-911.
Panno, S.V., Kelly, W.R., Scott, J., Zheng, W., McNeish, R.E., Holm, N., Hoellein, T.J.,
Baranski, E.L., 2019. Microplastic Contamination in Karst Groundwater
Systems. Ground Water 57(2), 189-196.
Palmer, A.N., 1991. Origin and morphology of limestone caves. Geological Society of
America Bulletin 103(1), 1-21.
Palmer, A.N., 2007. Cave Geology. Cave Books: Dayton, Ohio.
Pandey, V.P., Shrestha, S., Chapagain, S.K., Kazama, F., 2011. A framework for
measuring groundwater sustainability. Environmental Science & Policy 14(4),
396-407.
Parise, M., 2019. Sinkholes. In: White, W.B., Culver, D.C., Pipan, T. (eds.), Encyclopedia
of Caves. Academic Press, Elsevier, 3rd ed., ISBN 978-0-12-814124-3, 934-942.
Parise, M., Pascali, V., 2003. Surface and subsurface environmental degradation in the
karst of Apulia (southern Italy). Environmental Geology 44(3), 247-256.
276

Parise, M., Qiriazi, P., Sala, S., 2004. Natural and anthropogenic hazards in karst areas
of Albania. Natural Hazards and Earth System Science 4(4), 569-581.
Parise, M., Gunn, J., 2007. Natural and anthropogenic hazards in karst areas. Geological
Society Special Publication, 279. Geological Society of London: London, 202.
Parise, M., de Waele, J., Gutierrez, F., 2009. Current perspectives on the environmental
impacts and hazards in karst. Environmental Geology 58, 235-237.
Parise, M. Sammarco, M., 2015. The historical use of water resources in karst.
Environmental Earth Sciences 74(1), 143-152.
Parise, M., Closson, D., Gutiérrez, F., Stevanović, Z., 2015a. Anticipating and managing
engineering problems in the complex karst environment. Environmental Earth
Sciences 74(12), 7823-7835.
Parise, M., Ravbar, N., Živanović, V., Mikszewski, A., Kresic, N., Mádl-Szőnyi, J.,
Kukurić, N., 2015b. Hazards in karst and managing water resources quality. In:
Stevanovic, Z. (ed) Karst Aquifers—Characterization and Engineering. Springer
International Publishing: London, 601-687.
Parise, M., Gabrovsek, F., Kaufmann, G., Ravbar, N., 2018. Recent advances in karst
research: from theory to ﬁeldwork and applications. In: Parise, M., Gabrovsek,
F., Kaufmann, G., Ravbar, N. (eds.), Advances in Karst Research: Theory,
Fieldwork and Applications. Geological Society, London, sp. publ. 466, 1-24.
Papadopoulou-Vrynioti, K., Bathrellos, G.D., Skilodimou, H.D., Kaviris, G.,
Makropoulos, K., 2013. Karst collapse susceptibility mapping considering peak
ground acceleration in a rapidly growing urban area. Engineering Geology 158,
77-88.
Peña-Guzmán, C., Uloa-Sánchez, S., Mora, K., Helena-Bustos, R., Lopez-Barrera, E.,
Alvarez, J., Rodriguez-Pinzón, M., 2019. Emerging pollutants in the urban water
cycle in Latin America: A review of the current literature. Journal of
Environmental Management 237, 408-423.
Petelet-Giraud, E., Dörfliger, N., Crochet, P., 2000. RISKE: Méthode d’évaluation
multicritère de la vulnérabilité des aquifères karstiques. Application aux
systèmes des Fontanilles et Cent-Fonts (Hérault, Sud de la
France). Hydrogéologie 4, 71-88.
Phillips, P. J., Schubert, C., Argue, D., Fisher, I., Furlong, E. T., Foreman, W., Gray, J.,
Chalmers, A., 2015. Concentrations of hormones, pharmaceuticals and other
micropollutants in groundwater affected by septic systems in New England and
New York. Science of the Total Environment 512, 43-54.
277

Polemio, M., Casarano, D., Limoni, P.P., 2009a. Karstic aquifer vulnerability
assessment methods and results at a test site (Apulia, southern Italy). Natural
Hazards and Earth System Sciences 9(4), 1461-1470.
Polemio, M., Dragone, V., Limoni, P.P., 2009b. Monitoring and methods to analyse the
groundwater quality degradation risk in coastal karstic aquifers (Apulia,
Southern Italy). Environmental Geology 58(2), 299-312.
Polk, J., Mitchell, L., McClanahan, K., Shelley, A., Powell, M., 2016. Advancing Karst
Hydrologic Understanding Through Long-Term Monitoring Of Storm Responses
In A Complex Aquifer System. Geological Society of America Abstracts with
Programs 48(7), 99-5.
Porter, B.L., North, L.A., Polk, J.S., 2016. Comparing and refining karst disturbance
index methods through application in an island karst setting. Environmental
Management 58(6), 1027-1045.
Pronk, M., Goldscheider, N., Zopfi, J., 2006. Dynamics and interaction of organic
carbon, turbidity and bacteria in a karst aquifer system. Hydrogeology
Journal 14(4), 473-484.
Pronk, M., Goldscheider, N., Zopfi, J., Zwahlen, F., 2009. Percolation and Particle
Transport in the Unsaturated Zone of a Karst Aquifer. Ground Water 47(3), 361369.
Qiu, L., Dong, Z., Sun, H., Li, H., Chang, C.C., 2016. Emerging Pollutants–Part I:
Occurrence, Fate and Transport. Water Environment Research 88(10), 18551875.
Quinlan, J.F., Ewers, R.O., 1985. Ground water flow in limestone terranes: Strategy
rationale and procedure for reliable, efficient monitoring of ground water quality
in karst areas. In Proceedings of the Fifth National Symposium and Exposition
on Aquifer Restoration and Ground Water Monitoring May 21-24, 1985, The
Fawcett Center, Columbus, Ohio, 197-234.
Quinlan, J.F., 1990. Special Problems of Ground-Water Monitoring in Karst Terranes.
In Nielsen, D.M. (ed.), Groundwater and Vadose Zone Monitoring. American
Society for Testing and Materials: Philadelphia, PA, 275-304.
Rahn, K., De Grandis, S.A., Clarke, R.C., McEwen, S.A., Galan, J.E., Ginocchio, C.,
Curtiss, R., Gyles C.L., 1992. Amplification of an invA gene sequence of
Salmonella Typhimurium by polymerase chain reaction as a specific method of
detection of Salmonella. Molecular Cell Probes 6, 271–279.
278

Rajankar, P.N., Gulhane, S.R., Tambekar, D.H., Ramteke, D.S., Wate, S.R., 2009. Water
Quality Assessment of Groundwater Resources in Nagpur Region (India) Based
on WQI. E-Journal of Chemistry 6(3), 905-908.
Ramakrishnaiah, C.R., Sadashivaiah, C., Ranganna, G., 2009. Assessment of Water
Quality Index for the Groundwater in Tumkur Taluk, Karnataka State, India. EJournal of Chemistry 6(2), 523-530.
Randall, C.W., Helsel, D.R., Grizzard, T.J., Hoen, R.C., 1978. The impact of
atmospheric contaminants on storm water quality in an urban area. Progress in
Water Technology 10(5), 417-431.
Ravbar, N., 2005. A review of the potential and actual sources of pollution to
groundwater in selected karst areas in Slovenia. Natural Hazards and Earth
System Science 5(2), 225-233.
Ravbar, N., Goldscheider, N., 2007. Proposed methodology of vulnerability and
contamination risk mapping for the protection of karst aquifers in Slovenia. Acta
Carsologica 36(3).
Ravbar, N., Goldscheider, N., 2009. Comparative application of four methods of
groundwater vulnerability mapping in a Slovene karst catchment. Hydrogeology
Journal 17(3), 725-733.
Ravbar, N., Šebela, S., 2015. The effectiveness of protection policies and legislative
framework with special regard to karst landscapes: insights from
Slovenia. Environmental Science and Policy 51, 106-116.
Reed, T.M., McFarland, J.T., Fryar, A.E., Fogle, A.W., Taraba, J.L., 2010. Sediment
discharges during storm flow from proximal urban and rural karst springs,
central Kentucky, USA. Journal of Hydrology 383(3), 280-290.
Reed, T.M., Fryar, A.E., Brion, G.M., Ward, J.W., 2011. Differences in pathogen
indicators between proximal urban and rural karst springs, Central Kentucky,
USA. Environmental Earth Sciences 64(1), 47-55.
Reeder, P., Crawford, N., 1989. Potential groundwater contamination of an urban
karst aquifer, Bowling Green, Kentucky. In Beck, B.F. (ed) Engineering and
environmental impacts of sinkholes and karst. Proceedings of the Third
Multidisciplinary Conference on Sinkholes and the Environmental Impacts of
Karst. St. Petersburg, FL, October 2-4, Chapter 24.
Resource Conservation and Recovery Act, 1976. 42 U.S.C.- Public Health and Social
Welfare. Washington D.C.: U.S. Government.
279

Ribeiro, L., 2000. SI: a new index of aquifer susceptibility to agricultural
pollution. ERSHA/CVRM, Instituto Superior Técnico, Lisboa, Portugal.
Rosiles-González, G., Ávila-Torres, G., Moreno-Valenzuela, O. A., Acosta-González,
G., Leal-Bautista, R. M., Grimaldo-Hernández, C. D., Brown, J.K., ChaidezQuiroz, C., Betancourt, W.Q., Gerba, C.P., Hernández-Zepeda, C., 2017.
Occurrence of Pepper Mild Mottle Virus (PMMoV) in Groundwater from a
Karst Aquifer System in the Yucatan Peninsula, Mexico. Food and
Environmental Virology, 1-11.
Ruther, M., Ehresman, S., 2015. Kentucky Demographics: Present and Future. Accessed
30 July 2017 from http://www.ksdc.louisville.edu/research/presentations/
Ryan, M., Meiman, J., 1996. An Examination of Short-Term Variations in Water
Quality at a Karst Spring in Kentucky. GroundwWater 34(1), 23-30.
Saint-Loup, R., Felix, T., Maqueda, A., Schiller, A., Renard, P., 2018. A survey of
groundwater quality in Tulum region, Yucatan Peninsula, Mexico.
Environmental Earth Sciences 77, 644.
Sauro, U., 1993. Human impact on the karst of the Venetian Fore-Alps, Italy.
Environmental Geology 21(3), 115-121.
Sauro, U., 2006. Changes in the Use of Natural Resources and Human Impact in the
Karst Environments of the Venetian Prealps. Acta Carsologica 35(2-3).
Schmidt, J.W., Agga, G.E., Bosilevac, J.M., Brichta-Harhay, D.M., Shackelford, S.D.,
Wang, R., Wheeler, T.L., Arthur, T.M., 2014. Occurrence of AntimicrobialResistant Escherichia coli and Salmonella enterica in the Beef Cattle Production
and Processing Continuum. Applied Environmental Microbiology 81(2), 713725.
Schmidt, S., Geyer, T., Marei, A., Guttman, J., Sauter, M., 2013. Quantification of longterm wastewater impacts on karst groundwater resources in a semi-arid
environment by chloride mass balance methods. Journal of Hydrology 502, 177190.
Schteingart, M., 1989. The environmental problems associated with urban development
in Mexico City. Environment and Urbanization 1(1), 40-50.
Shelley, J., 2018. Modeling and Evaluating the Influences of Class V Injection Wells on
Urban Karst Hydrology. Masters Thesis. Department of Geography and
Geology, Western Kentucky University.

280

Sinreich, M., Pronk, M., Kozel, R., 2014. Microbiological monitoring and classification
of karst springs. Environmental Earth Sciences 71(2), 563-572.
Smith, D.I., 1993. The nature of karst aquifers and their susceptibility to
pollution. Catena Supplement 25, 41-41.
Sorensen, J.P.R., Lapworth, D.J., Nkhuwa, D.C.W., Stuart, M.E., Gooddy, D.C., Bell,
R.A., Chirwab, M., Kabikab, J., Liemisac, L., Chibesac, M., Pedley, S., 2015.
Emerging contaminants in urban groundwater sources in Africa. Water
Research 72, 51-63.
Spizzico, M., Lopez, N., and Sciannamblo, D., 2005. Analysis of the potential
contamination risk of groundwater resources circulating in areas with
anthropogenic activities. Natural Hazards and Earth System Science 5(1), 109116.
Stamatis, N.K., Konstantinou, I.K., 2013. Occurrence and removal of emerging
pharmaceutical, personal care compounds and caffeine tracer in municipal
sewage treatment plant in Western Greece. Journal of Environmental Science
and Health, Part B 48(9), 800-813.
Stenstrom, M., Kayhanian, M., 2005. First flush phenomenon characterization (No.
CTS-RT-05-073.02.6). Sacramento, CA: California Department of
Transportation Division of Environmental Analysis.
Stevanovic, Z., 2018. Global distribution and use of water from karst aquifers. In: Parise,
M., Gabrovsek, F., Kaufmann, G., Ravbar, N. (eds.), Advances in Karst
Research: Theory, Fieldwork and Applications. Geological Society, London, sp.
publ. 466, 217-236.
Stokes, T. R., Griffiths, P., 2000. A preliminary discussion of karst inventory systems
and principles (KISP) for British Columbia (Vol. 51). London: British Columbia
Ministry of Forests Research Program.
Stokes, T., Griffiths, P., Ramsey, C., 2010. Karst Geomorphology, Hydrology, and
Management. Compendium of forest hydrology and geomorphology in British
Columbia. British Columbia Ministry of Forests Research Program: London, 66,
373.
Sweeting, M.M., 1981. Karst Geomorphology. Hutchinson Ross: Stroudsburg, PA.
Taheri, K., Gutiérrez, F., Mohseni, H., Raeisi, E., Taheri, M., 2015a. Sinkhole
susceptibility mapping using the analytical hierarchy process (AHP) and
magnitude–frequency relationships: a case study in Hamadan province,
Iran. Geomorphology 234, 64-79.
281

Taheri, K., Taheri, M., Mohsenipour, F., 2015b. LEPT, a simplified approach for
assessing karst vulnerability in regions by sparse data: a case in Kermanshah
province. In NCKRI Symposium 5, Proceedings of the 14th Multidisciplinary
Conference on Sinkholes and the Engineering and Environmental Impacts of
Karst, 483-492.
Tao, X., Wu, P., Tang, C., Liu, H., Sun, J., 2012. Effect of acid mine drainage on a karst
basin: a case study on the high-As coal mining area in Guizhou province,
China. Environmental Earth Sciences 65(3), 631-638.
Tenover, F. C., 2006. Mechanisms of antimicrobial resistance in bacteria. American.
Journal of Medicine 119, S3-S10.
Tiemann, M., 2011. Safe Drinking Water Act (SDWA): A Summary of the Act and its
Major Requirements. Washington, D.C. DIANE Publishing. Accessed 25 July
2017 from: http://fas.org/sgp/crs/misc/RL31243.pdf.
Tihansky, A.B., Knochenmus, L.A., 2001. Karst Features and Hydrogeology in Westcentral Florida- A Field Perspective. U.S. Geological Survey, Water-Resources
Investigation Report 01-4011, 198-211.
Toran, L., Gross, K., Yang, Y., 2009. Effects of restricted recharge in an urban karst
system. Environmental Geology 58(1), 131-139.
Toxic Substance Control Act, 1976. 15 U.S.C. Ch. 53- Commerce and Trade.
Washington D.C.: U.S. Government.
Tsihrintzis, V.A., Hamid, R., 1997. Modeling and management of urban stormwater
runoff quality: a review. Water Resources Management 11(2), 136-164.
Tuyet, D., 2001. Characteristics of karst ecosystems of Vietnam and their vulnerability
to human impact. Acta Geologica Sinica (English Edition) 75(3), 325-329.
Tyagi, S., Sharma, B., Singh, P., Dobhal, R., 2013. Water Quality Assessment in Terms
of Water Quality Index. American Journal of Water Resources 1(3), 34-38.
United States Department of Agriculture, 2004. Soil Survey of Warren County Kentucky.
Warren County, Kentucky: National Resources Conservation Service.
Urich, P.B., 2002. Land use in karst terrain: review of impacts of primary activities on
temperate karst ecosystems. Department of Conservation: Wellington.
US Census Bureau (United States Census Bureau). 1995. Urban and Rural Definitions.
282

U.S. Fish and Wildlife Service, 2001. Endangered Species Act.
U.S. and World Population Clock, 2019. Accessed 17 April 2019 from
https://www.census.gov/popclock/
Uslu, M.O., Jasim, S., Arvai, A., Bewtra, J., Biswas, N., 2013. A survey of occurrence
and risk assessment of pharmaceutical substances in the Great Lakes
Basin. Ozone: Science and Engineering 35(4), 249-262.
van Beynen, P., Townsend, K., 2005. A disturbance index for karst environments.
Environmental Management 36(1), 101-116.
van Beynen, P., Feliciano, N., North, L., Townsend, K., 2007. Application of a karst
disturbance index in Hillsborough County, Florida. Environmental
Management 39(2), 261-277.
van Beynen, K., Fleury, E.S., 2010. Learning and engaging the information values of a
Karst community of practice. The Journal of Academic Librarianship 36(1), 7985.
van Beynen, P.E., Bialkowska-Jelinska, E., 2012. Human disturbance of the Waitomo
catchment, New Zealand. Journal of Environmental Management 108, 130-140.
van Beynen, P., Brinkmann, R., van Beynen, K., 2012b. A Sustainability Index for Karst
Environments. Journal of Cave and Karst Studies 74(2), 221-234.
van Beynen, P.E., Niedzielski, M.A., Bialkowska-Jelinska, E., Alsharif, K., Matusick, J.,
2012c. Comparative study of specific groundwater vulnerability of a karst
aquifer in central Florida. Applied Geography 32(2), 868-877.
Van Stempvoort, D., Ewert,L., Wassenaar, L., 1993. Aquifer Vulnerability Index (AVI):
a GIS compatible method for groundwater vulnerability mapping. Canadian
Water Resources Journal 18(1), 25-37.
Van Stempvoort, D.R., Roy, J.W., Grabuski, J., Brown, S.J., Bickerton, G., Sverko, E.,
2013. An artificial sweetener and pharmaceutical compounds as co-tracers of
urban wastewater in groundwater. Science of the Total Environment 461, 348359.
Varade, A.M., Yenkie, R.O., Shende, R.R., Golekar, R.B., Wagh, V.M., Khandare,
H.W., 2018. Assessment of Water Quality for the Groundwater Resources of
Urbanized Part of the Nagpur District, Maharashtra (India). American Journal of
Water Resources 6(3), 89-111.

283

Vázquez-Suñé, E., Sánchez-Vila, X., Carrera, J., 2005. Introductory review of specific
factors influencing urban groundwater, an emerging branch of hydrogeology,
with reference to Barcelona, Spain. Hydrogeology Journal 13(3), 522-533.
Vesper, D., Loop, C.M., White, W.B., 2001. Contaminant transport in karst aquifers.
Theoretical and Applied Karstology (13-14), 101-111.
Vesper, D.J., White, W.B., 2003. Metal transport to karst springs during storm flow: an
example from Fort Campbell, Kentucky/Tennessee, USA. Journal of
Hydrology 276(1), 20-36.
Vías, J.M., Andreo, B., Perles, M.J., Carrasco, F., 2005. A comparative study of four
schemes for groundwater vulnerability mapping in a diffuse flow carbonate
aquifer under Mediterranean climatic conditions. Environmental Geology 47(4),
586-595.
Vías, J.M., Andreo, B., Perles, M.J., Carrasco, F., Jiménez, V.P., 2006. Proposed
method for groundwater vulnerability mapping in carbonate (karstic) aquifers:
the COP method. Hydrogeology Journal 14(6), 912-925.
Vikesland, P., Garner, E., Gupta, S., Kang, S., Maile-Moskowitz, A., Zhu, N., 2019.
Differential Drivers of Antimicrobial Resistance across the World. Accounts of
Chemical Research 52(4). 916-924.
Vineis, P., Chan, Q., Khan, A., 2011. Climate change impacts on water salinity and
health. Journal of Epidemiology and Global Health 1(1), 5-10.
Vrba, J., 1988. Groundwater quality monitoring as a tool of groundwater resources
protection. In 21st Congress of IAH, Karst Hydrogeology and Karst Environment
Protection, Geological Publication House: Beijing, China, 2, 88-97.
Vystavna, Y., Le Coustumer, P., Huneau, F., 2013. Monitoring of trace metals and
pharmaceuticals as anthropogenic and socio-economic indicators of urban and
industrial impact on surface waters. Environmental Monitoring and
Assessment 185(4), 3581-3601.
White, W.B., 1988. Geomorphology and Hydrology of Karst Terrains.Oxford
University Press: New York, NY.
White, W.B., 2002. Karst hydrology: Recent developments and open questions.
Engineering Geology 65(2-3), 85-105.
White, W.B., Herman, J.S., Herman, E.K., Rutigliano, M., 2018. Karst Groundwater
Contamination and Public Health Beyond Case Studies. Springer International
Publishing: London.
284

Williams, P.W., 1993. Environmental change and human impact on karst terrains: an
introduction. Catena 25(1), 1-19.
Wong, T.H., Fletcher, T.D., Duncan, H.P., Coleman, J.R., and Jenkins, G.A., 2002. A
Model for Urban Stormwater Improvement: Conceptualization. In Global
Solutions for Urban Drainage, 1-14.
Worthington, S.R., Ford, D.C., 2009. Self-Organized Permeability in Carbonate
Aquifers. Ground Water 47(3), 326-336.
Wu, X., Li, B., Ma, C., 2019. Assessment of groundwater vulnerability by applying the
modified DRASTIC model in Beihai City, China. Environmental Science and
Pollution Research 13, 12713-12727.
Zemann, M., Wolf, L., Grimmeisen, F., Tiehm, A., Klinger, J., Hötzl, H., Goldscheider,
N., 2015. Tracking changing X-ray contrast media application to an urbaninfluenced karst aquifer in the Wadi Shueib, Jordan. Environmental
Pollution 198, 133-143.
Zhang, Y., Kelly, W.R., Panno, S.V., Liu, W.T., 2014. Tracing fecal pollution sources in
karst groundwater by Bacteroidales genetic biomarkers, bacterial indicators, and
environmental variables. Science of The Total Environment 490, 1082-1090.
Zhou, W., Beck, B.F., 2005. Roadway construction in karst areas: management of
stormwater runoff and sinkhole risk assessment. Environmental Geology 47(8),
1138-1149.
Zhu, Z., Wang, J., Hu, M., 2018. Geographical detection of groundwater pollution
vulnerability and hazard in karst areas of Guangxi Province, China.
Environmental Pollution 245, 627-633.
Zoppou, C., 2001. Review of urban storm water models. Environmental Modelling and
Software 16(3), 195-231.
Zuquette, L.V., Failache, M., 2018. Mapping groundwater pollution vulnerability with
application in a basin in southern Brazil. Environmental Earth Sciences 77, 689.

285

APPENDIX 1: UKARE TOOLBOX GUIDANCE NOTES
The following guidance notes were designed to aid in the application of the
UKARE Toolbox within an urban karst landscape to establish a numeric score for each
feature to aid in the development of management plans. Once you have conducted a
karst feature inventory and have established the location of all karst features within the
study area you are ready to begin. Apply the following Tools to each karst feature and
score each evaluation criteria within the Tools in accordance with the definitions
provided. Criteria that do not apply to the urban karst landscape being evaluated (i.e.
saltwater intrusion) are given a score of zero. This will exclude the criteria from the
final score, but does not require a redevelopment of the Tools for each application area.
With the completion of your UKARE Toolbox application each karst feature will have a
Threat, Vulnerability, Monitoring, and overall UKARE score, which can be utilized to
prioritize monitoring sites. The following notes are important questions and
recommendations to consider when utilizing this Toolbox to aid in developing
management plans for your urban karst area.
Questions to consider:
-

Is my population consist year-round? If not, when does the sampling suite and
resolution need to be adjusted to capture different levels of impact?

-

What are the current regulations and policies for my area?

-

Are there preexisting data (i.e. discharge data, previous impacts, water quality
data, etc.) that I can utilize for the application of the UKARE Toolbox?
Recommendations to consider:

-

High and low scoring features should be considered as monitoring sites in order
to monitor concerning features and to have control features as well, basing the
decision on the overall management goal (geographical representation, control
sites, areas of concern, protecting vulnerable features, etc.)

-

The majority of monitoring resources should be utilized for monitoring urgent
and high concern features if these are a priority for your management plan.
o A higher resolution of monitoring (real-time, weekly, bi-weekly) is the
most effective approach to monitoring features of urgent and high
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concern, but also useful for all sites where possible due to the nature of
karst hydrology under urban landuse.
-

Some monitoring resources should be utilized for monitoring moderate and low
concern features as control sites
o A low monitoring resolution (monthly or quarterly) can typically
effectively monitor moderate and low concern features, but higherresolution may be warranted if increasing threats exist.

-

Reapplication of the UKARE Toolbox annually will aid in effective monitoring
and management plan development and resource allocation.

-

Sampling parameters and resolution determination can occur after the initial
sampling period. The UKARE Toolbox is a tool to help determine what features
to monitor and provides a recommended sampling suite to be utilized initially,
but monitoring plans and programs need to be continually modified to
accommodate site specific management needs during subsequent evaluations and
landuse changes.

Threat Evaluation Guidance Notes
Category
Feature Type

Scoring
Cave Stream
Conduit Flow Spring
Diffuse Flow Spring
Resurgence
Karst Window
Injection Well
Sinkhole
Surface Stream
Sinking Stream
Monitoring Well
Other (fillable)

Definition
Cave Stream-A stream
flowing within a cave
Conduit Flow Spring- A
spring that is fed by a main
conduit of a cave system
Diffuse Flow Spring- A
spring that is fed by a minor
conduit or crack in the cave
system
Resurgence- A feature
where a cave stream returns
to the surface and becomes a
surface stream
Karst Window-An opening
to the water table/ aquifer
that constantly has water
present
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Injection Well- A class IV
stormwater feature used in
urban areas to move water
from the surface to the
subsurface into voids within
the subsurface
Sinkhole- closed depression
(or collapse), dry or water
filled
Surface Stream- A stream
that flows on the surface
Sinking Stream- A stream
that flows on the surface and
sinks into the subsurface at a
karst feature such as a
porous stream bed, a
sinkhole throat, or a cave
entrance
Monitoring Well- A well
that is drilled into a cave
conduit in order to monitor
water levels and
geochemical conditions with
surface access
Name
County
City
Infrastructure

Areal Assessment Basis

Make note of any manmade
features surrounding the
karst feature such as a fence,
building, park, etc.
0= Known Recharge Area
2= Estimated Recharge
Area
4= Visible Around Feature

Known Recharge AreaThe recharge area of the
feature is known and the
scores given are for the
basin of the feature
Estimated Recharge AreaThe recharge area of the
feature is not fully known
and the scores given are for
the basin of the feature and
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the feature itself for the
criteria that cannot be
determined by the basin
Visible Around FeatureThe recharge area of the
feature is not known and the
scores given are for the
feature and its visible
surroundings
Flooding

0= None
2= Unknown
4= Yes

None- The feature is
currently not flooding or
there is no evidence of
flooding at the feature
Unknown- Occurrence of
flooding is unable to be
determined
Yes- The feature is currently
flooding or there is evidence
of flooding at the feature

Saltwater Intrusion

0= None
2= Unknown
4= Yes

None- The feature is not
located on or near the coast
or there is no evidence of
saltwater intrusion from
geochemical testing or
biological evidence
Unknown- It cannot be
determined if intrusion is
occurring from lack of
available resources
Yes- The feature is located
on or near the coast or there
is evidence of saltwater
intrusion from geochemical
testing or biological
evidence such as presence of
saltwater tolerant organisms
or decease of saltwater
intolerant vegetation

Pollution Input Proximity

0= Absent or > 1km
2= Within 0.5 km
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Absent or >1km- The
feature is located in a

4= On site

reserve or protected area
with no development
(industry, residential area, or
commercial area) or human
influence within 1 km or in
general
Within 0.5 km- The feature
is located within 0.5 km of
development (industry,
residential area, or
commercial area)
On site- Development
(industry, residential area, or
commercial area) is located
on site of the feature

Pesticides/Herbicides

0= None
2= Unknown
4= Yes

None- The feature does not
have any residential landuse
within the basin that uses
chemicals within their
landscaping
Unknown- It cannot be
determined if the feature is
affected by pesticides/
herbicides
Yes- The feature does have
residential landuse within
the basin that uses chemicals
in their landscaping

Microbiological/Emerging
Pathogens

0= None
2= Unknown
4= Yes

None- No presence of a
source (i.e. no septic,
sewage leakage, etc.) for
emerging pathogens
Unknown- Unable to
determine if sources for
emerging pathogens are
present within basin
Yes- Presence of sources for
novel emerging pathogens
(i.e. septic, lift station,
sewage leakage, other)
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Nutrients

0= None
2= Unknown
4= Yes

None- The feature does not
have any residential landuse
within the basin that uses
fertilizers within their
landscaping, urban
livestock, etc.
Unknown- It cannot be
determined if the feature is
affected by nutrients
Yes- The feature does have
residential landuse within
the basin that uses fertilizers
in their landscaping, urban
livestock, etc.

Industrial Pollutants

0= None
2= Unknown
4= Yes

None- There is no industrial
landuse within the basin
Unknown- Industrial
landuse within the basin
cannot be determined
Yes- There is industrial
landuse within the basin

Fuel-related Chemicals

0= None
2= Unknown
4= Yes

None- There is no presence
of a road or fueling station
within the basin or within 1
km of the feature
Unknown- Presence of a
road or fueling station
within the basin cannot be
determined
Yes- There is presence of a
road or fueling station
within the basin or within 1
km of the feature

Feature Modification

0= None
2= Limited
4= Significant

None- The feature has not
been changed in any form
(tourism or commercial) and
is still in a natural state
Limited- The feature has
been changed slightly to
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allow for tourism or
commercial use, but is in
semi natural state where the
feature has not been fully
altered or destroyed
Significant- The feature has
been changed and is no
longer recognizable as a
natural feature to allow for
tourism or commercial use
Nonpoint Source Pollution

0= None
2= Unknown
4= Yes

None- The feature's basin is
located within a preserve or
area that has no human
development within the city
limits
Unknown- The feature is
located in a basin that cannot
be determined as a preserve
or inhabited
Yes- The feature is located
in a basin that has
urbanization allowing for
stormwater runoff, septic
tank leakage, etc. to be
introduced to the
groundwater

Point Source Pollution

0= None
2= Unknown
4= Yes

None- The feature is not
directly impacted by a
known point source
pollutant source
Unknown- It cannot be
determined if the feature is
directly impacted by a
known source of pollution
Yes- The feature is directly
impacted by a known point
source pollutant source (i.e.
straight pipe)

Impervious Surface Cover

0= Absent or > 1km
2= Within 0.5 km
4= On site
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Absent or > 1km- The
feature is located within a
preserve or area that has no

impervious surfaces
(concrete, sidewalk, road,
etc.)
Within 0.5 km- The feature
is located within
urbanization, but is not
covered by an impervious
surface, just located within
0.5km of a surface
(concrete, sidewalk, road,
etc.)
On site- the feature is
located within urbanization,
and is covered by an
impervious surface,
(concrete, sidewalk, road,
etc.)

USTs

0= None
2= Unknown
4= Yes

None- There are no
underground storage tanks
from gas stations, home
natural gas systems, etc.
Within the feature's basin
Unknown- It cannot be
determined if there are
underground storage tanks
from gas stations, home
natural gas systems, etc.
Within the feature's basin
Yes- There are underground
storage tanks from gas
stations, home natural gas
systems, etc. Within the
feature's basin

Landfill Proximity

0= None
2= Unknown
4= Yes
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None- There is no landfill
currently in use or retired
located within the feature's
groundwater basin

Unknown- It cannot be
determined if there is a
landfill currently in use or
retired located within the
feature's groundwater basin
Yes- There is a landfill
currently in use or retired
located within the feature's
groundwater basin
Residential Landuse

0= None
2= Unknown
4= Yes

None- There is no
residential development
(housing, neighborhoods,
apartments, etc.) located
near or in the feature's
groundwater basin
Unknown- It cannot be
determined if there is
residential development
(housing, neighborhoods,
apartments, etc.) located
near or in the feature's
groundwater basin
Yes- There is residential
development (housing,
neighborhoods, apartments,
etc.) located near or in the
feature's groundwater basin

Industrial Landuse

0= None
2= Unknown
4= Yes

None- There is no industrial
development (any industry
that produces industrial
waste) located near or in the
feature's groundwater basin
Unknown- It cannot be
determined if there is
industrial development (any
industry that produces
industrial waste) located
near or in the feature's
groundwater basin
Yes- There is industrial
development (any industry
that produces industrial
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waste) located near or in the
feature's groundwater basin
Commercial Landuse

0= None
2= Unknown
4= Yes

None- There is no
commercial development
(shopping plazas, malls,
restaurants, businesses, etc.)
located near or in the
feature's groundwater basin
Unknown- It cannot be
determined if there is
commercial development
(shopping plazas, malls,
restaurants, businesses, etc.)
located near or in the
feature's groundwater basin
Yes- There is commercial
development (shopping
plazas, malls, restaurants,
businesses, etc.) located near
or in the feature's
groundwater basin

Recreational Landuse

0= None
2= Unknown
4= Yes

None- There is no
recreational area (park, golf
course, waterfront, boating
areas, hiking areas, etc.)
located near or in the
feature's groundwater basin
Unknown- It cannot be
determined if there is
recreational area (park, golf
course, waterfront, boating
areas, hiking areas, etc.)
located near or in the
feature's groundwater basin
Yes- There is recreational
area (park, golf course,
waterfront, boating areas,
hiking areas, etc.) located
near or in the feature's
groundwater basin

Roads and Traffic

0= None
2= Residential
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None- The feature's basin is
located within a preserve or

4= Highway

area that has no human
development within the city
limits
Residential- The feature's
basin is located in a
residential and commercially
developed area that has a
combination of residential
drives, two lane roads, and
commercial parking lots
Highway- The feature's
basin is located in a
commercially developed
area with parking lots and a
highway or interstate system

Population Density in
Basin

0= Low
2= Moderate
4= High

Low-The feature's basin is
located in a more rural
setting with little to no
development or population
Moderate- The feature's
basin is located in fairly
developed area that has a
significant population to be
considered an urban area,
but the area is not at
maximum population
capacity
High- The feature's basin is
at the maximum population
set by the state for the city/
county meaning that there is
no room for new
development and basin is
completely altered by
urbanization

Retention Basins/Surface
Stormwater Infrastructure

0= None
2= Unknown
4= Yes
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None- The feature's basin
does not have any
stormwater infrastructure
that introduces pollutants to
the groundwater (storm
sewers, roads, injection
wells, retention basin, etc.)

Unknown- It cannot be
determined if the feature's
basin does or does not have
any stormwater
infrastructure that introduces
pollutants to the
groundwater (storm sewers,
roads, injection wells,
retention basin, etc.)
Yes- The feature's basin
does have stormwater
infrastructure that introduces
pollutants to the
groundwater (storm sewers,
roads, injection wells,
retention basin, etc.)
Sedimentation/Erosion

0= None
2= Unknown
4= Yes

None- The feature/basin
does not have any current
sedimentation or erosion
prevention failures that
introduce pollutants to the
groundwater system
Unknown- It cannot be
determined if the
feature/basin has any current
sedimentation or erosion
prevention failures that
introduce pollutants to the
groundwater system
Yes- The feature/basin does
have current sedimentation
or erosion prevention
failures that introduce
pollutants to the
groundwater system

Visible Pollutants

0= None
2= Unknown
4= Yes

None- Pollutants (i.e. trash,
oil, debris, etc.) are not
present at or within
proximity of the feature
Unknown- It cannot be
determined if pollutants (i.e.
trash, oil, debris, etc.) are
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present at or within
proximity of the feature
Yes- Pollutants (i.e. trash,
oil, debris, etc.) are present
at or within proximity of the
feature
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Vulnerability Evaluation Guidance Notes
Category
Feature Type

Scoring
Cave Stream
Conduit Flow Spring
Diffuse Flow Spring
Resurgence
Karst Window
Injection Well
Sinkhole
Surface Stream
Sinking Stream
Monitoring Well
Other (fillable)

Definition
Cave Stream-A stream flowing
within a cave
Conduit Flow Spring- A spring
that is fed by a main conduit of a
cave system
Diffuse Flow Spring- A spring
that is fed by a minor conduit or
crack in the cave system
Resurgence- A feature where a
cave stream returns to the
surface and becomes a surface
stream
Karst Window-An opening to
the water table/ aquifer that
constantly has water present
Injection Well- A class IV
stormwater feature used in urban
areas to move water from the
surface to the subsurface into
voids within the subsurface
Sinkhole- closed depression (or
collapse), dry or water filled
Surface Stream- A stream that
flows on the surface
Sinking Stream- A stream that
flows on the surface and sinks
into the subsurface at a karst
feature such as a porous stream
bed, a sinkhole throat, or a cave
entrance
Monitoring Well- A well that is
drilled into a cave conduit in
order to monitor water levels
and geochemical conditions
with surface access

Name
County
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City
Infrastructure

Areal Assessment Basis

Make note of any manmade
features surrounding the karst
feature such as a fence, building,
park, etc.
0= Known Recharge Area
2= Estimated Recharge Area
4= Visible Around Feature

Known Recharge Area- The
recharge area of the feature is
known and the scores given are
determined from the enitre basin
of the feature
Estimated Recharge Area- The
recharge area of the feature is
not fully known and the scores
given are for the basin of the
feature and the feature itself for
the criteria that cannot be
determined by the basin
Visible Around Feature- The
recharge area of the feature is
not known or the feature is a
stormwater features (injection
well) with a subbasin and the
scores given are for the feature
and its visible surroundings

Geology/ Land cover

0= Non-carbonate
2= Mixed
4= Carbonate

Non-carbonate- The geology of
the feature’s basin is composed
predominantly of non-carbonate
rock
Mixed- The geology of the
feature’s basin is composed
predominantly of a mixture of
carbonate and other porous
media, such as sandstone or
sand
Carbonate- The geology of the
feature’s basin is composed
predominantly of carbonate
lithology (limestone, dolostone,
etc.)

Biota

0= Present
2= Unknown
4= Absent
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Present- There is evidence of
biota at the feature

Unknown- It cannot be
determined if there is evidence
of biota at the feature
Absent- There is no evidence of
biota (vegetation, animal,
aquatic, etc.) at the feature
Hydrologic connectivity

0= None
2= Unknown
4= Yes

None- The feature is not
hydrologically connected to a
nearby feature, i.e. sinkhole,
spring, etc.
Unknown- It cannot be
determined if the feature is
hydrologically connected to a
nearby feature, i.e. sinkhole,
spring, etc.
Yes- The feature is
hydrologically connected to a
nearby feature, i.e. sinkhole,
spring, etc.

Water Usage

0= Industry/other
2= Irrigation
4= Drinking water

Industry/other- The feature’s
water resource is used as a
source for industrial and other
water uses
Irrigation- The feature’s water
resource is used as a source for
irrigation water
Drinking water- The feature’s
water resource is used as a
source for drinking water or
feeds a surface stream source for
drinking water

Protected by Regulation

0= Local/State/Federal Combo
1= Federal
2= State
3= Local
4= No

All- The feature or groundwater
basin is protected by regulations
set by the Federal Government,
the State Government, and the
Local Government of that area
Federal- The feature or
groundwater basin is protected
by regulations set by the Federal
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Government only (CWA,
NPDES, SDWA, etc.)
State- The feature or
groundwater basin is protected
by regulations set by the State
Government only (Groundwater
statutes, etc.)
Local- The feature or
groundwater basin is protected
by regulations set by the Local
Government only (Water
management districts, public
works departments, etc.)
No- The feature or groundwater
basin is not protected by
regulations
Protected by Other (fence,
BMP, etc.)

0= Yes, comprehensive
2= Limited protection
4= None

Yes, comprehensive- The
feature or groundwater basin is
protected by means other than
regulations such as BMP, park
property, conservation area, etc.
Limited protection- The
feature or groundwater basin is
protected by means other than
regulations such as a fence,
private property, etc.
None- The feature or
groundwater basin is not
protected by means other than
regulations

Previous Impacts

0= No Reported Occurrences
2= Unknown
4= Reported Occurrences

No Reported OccurrencesThere are no reported
occurrences of the feature being
impacted by pollution
Unknown- It cannot be
determined if there has been an
occurrence of the feature being
impacted by pollution
Reported Occurrences- There
has been reported occurrences of

302

the feature being impacted by
pollution
Direct Aquifer Input

0= No
2= Unknown
4= Yes

No- The feature is not directly
connected to the aquifer (such as
a sink, etc.)
Unknown- It cannot be
determined if the feature is
directly connected to the aquifer
Yes- The feature is directly
connected to the aquifer (such as
a spring, karst window, etc.)
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Monitoring Evaluation Guidance Notes
Category
Feature Type

Scoring
Cave Stream
Conduit Flow Spring
Diffuse Flow Spring
Resurgence
Karst Window
Injection Well
Sinkhole
Surface Stream
Sinking Stream
Monitoring Well
Other (fillable)

Definition
Cave Stream-A stream flowing
within a cave
Conduit Flow Spring- A spring
that is fed by a main conduit of a
cave system
Diffuse Flow Spring- A spring
that is fed by a minor conduit or
crack in the cave system
Resurgence- A feature where a
cave stream returns to the surface
and becomes a surface stream
Karst Window-An opening to
the water table/ aquifer that
constantly has water present
Injection Well- A class IV
stormwater feature used in urban
areas to move water from the
surface to the subsurface into
voids within the subsurface
Sinkhole- closed depression (or
collapse), dry or water filled
Surface Stream- A stream that
flows on the surface
Sinking Stream- A stream that
flows on the surface and sinks
into the subsurface at a karst
feature such as a porous stream
bed, a sinkhole throat, or a cave
entrance
Monitoring Well- A well that is
drilled into a cave conduit in
order to monitor water levels and
geochemical conditions with
surface access

Name
County
City
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Infrastructure

Make note of any manmade
features surrounding the karst
feature such as a fence, building,
park, etc.

Areal Assessment 0= Known Recharge Area
Basis
2= Estimated Recharge Area
4= Visible Around Feature

Known Recharge Area- The
recharge area of the feature is
known and the scores given are
for the basin of the feature
Estimated Recharge Area- The
recharge area of the feature is not
fully known and the scores given
are for the basin of the feature
and the feature itself for the
criteria that cannot be determined
by the basin
Visible Around Feature- The
recharge area of the feature is not
known and the scores given are
for the feature and its visible
surroundings

Flowing

0 = No
4 = Yes

No- The feature does not have
water flowing from it or through
it (sinkhole, well, etc.)
Yes- The feature has water
flowing from it or through it
(karst window, spring, etc.)

Water Present

0 = No
4 = Yes

No- The feature does not have
water present in it constantly, but
may have water present during
storm events (sinkholes, etc.)
Yes- The feature constantly has
water present and represents the
water quality of the groundwater
in that area (spring, karst
window, well etc.)

Flows to Surface
Stream

0 = No
4 = Yes

No- If water is present and
flowing at the feature it is only
flowing within the subsurface and
not to a surface stream
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Yes- If water is present and
flowing at the feature it flows
from the subsurface to a surface
stream through a spring or a
resurgence
Flood
Monitoring

0= None
2= Unknown
4= Yes

None- The feature is not
monitored for flooding activity
on site
Unknown- It cannot be
determined if the feature is
monitored for flooding activity
on site
Yes- The feature is monitored for
flooding activity on site

Discharge/water
level Monitoring
Required

0= No
2= Unknown
4= Yes

None- The feature is not required
to be monitored for
discharge/water level
Unknown- It cannot be
determined if the feature is
required to be monitored for
discharge/water level
Yes- The feature is required to be
monitored for discharge/water
level

Discharge Data

0= None
2= Unknown
4= Yes

None- The feature does not have
current discharge data available
Unknown- It cannot be
determined if the feature has
discharge data available
Yes- The feature has current
discharge data available

Known Inputs
(Tributaries)

0 = No
4 = Yes

No- The tributaries contributing
water flow into the feature are
unknown
Yes- The tributaries contributing
water flow into the feature are
known
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Delineated Basin

0= No
2= Unknown
4= Yes

No- The groundwater basin is not
defined and it is not certain where
the groundwater is flowing or the
overall hydrology
Unknown- The groundwater
basin is partially defined and
some features within the basin are
connected, but there is not a
complete description of the
groundwater basin's hydrology
Yes- The groundwater basin is
understood and the features
within the basin are connected
and the overall hydrology is
understood

Regulatory
Monitoring
Required

0= No
1= Unknown
2=Monitoring for one
parameter
3= Monitoring for two
parameters
4= Monitoring for more than
two parameters

No- The feature is not required to
be regulated and monitored for
water quality conditions by either
the state, local, or federal
government
Unknown- It cannot be
determined if the feature is
required to be regulated and
monitored for water quality
conditions by either the state,
local, or federal government
Monitoring for one parameterThe feature is required to be
regulated and monitored for a
single parameter (i.e. nitrate) for
water quality conditions by either
the state, local, or federal
government
Monitoring for two
parameters- The feature is
required to be regulated and
monitored for two parameters
(i.e. nitrate and sulfate) for water
quality conditions by either the
state, local, or federal
government
Monitoring for more than two
parameters- The feature is
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required to be regulated and
monitored for several parameters
(i.e. nitrate, sulfate, E. coli) for
water quality conditions by either
the state, local, or federal
government
Historical Data

0 = No Data
1= 1 year or <
2= < 5 years
3= 10 years or >
4= 10 years or > & Current
Data

No Data- The feature has no
historical water quality,
discharge, or any other data
1 year or <- The feature has one
year or less of historical water
quality, discharge, or any other
data
< 5 years- The feature has less
than 5 years of historical water
quality data, discharge, or any
other, but more than a year's
worth
10 years or > - The feature has
ten or more years of historical
water quality, discharge, or any
other data
10 years or > & Current DataThe feature has ten or more years
of historical water quality,
discharge, or any other data along
with current water quality data

Monitoring Data
Resolution

0 = None
1= Random Sampling
2= Monthly/Quarterly
Sampling
3= Weekly Sampling
4= Real-time Monitoring

None- The feature's water quality
data are not monitored and
reported
Random Sampling- The
feature's water quality data are
monitored and reported randomly
without a consistent data
resolution (typically storm
sampling)
Monthly/Quarterly SamplingThe feature's water quality data
are monitored and reported on a
monthly or quarterly basis with
water samples being taken and
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analyzed on a monthly/ quarterly
basis
Weekly Sampling- The feature's
water quality data are monitored
and reported on a weekly basis
with monitoring data being
analyzed weekly and water
quality samples being taken on a
weekly basis as well
Real-time Monitoring- The
feature's water quality data are
monitored and reported live in
order for any changes in
geochemical data to be notified
immediately
Accessibility

0 = None
2= Limited
4 = Yes

None- The feature is unable to be
accessed due to natural hazards or
anthropogenic influence
Limited-The feature is located in
either private or public land but is
restricted by a fence or "no
trespassing" sign
Yes- The feature is easily
accessible on public lands

Dye-traced

0= No
2= Unknown
4= Yes

No- The groundwater flow within
the basin to the feature has not
been dye-traced to determine the
flow path of the groundwater
Unknown- It cannot be
determined if the groundwater
flow within the basin to the
feature has been dye-traced to
determine the flow path of the
groundwater
Yes- The groundwater flow
within the basin to the feature has
been dye-traced to determine the
flow path of the groundwater
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Available
Precipitation
Data

0 = None
2= Limited/ Historic
4 = Current

None- There are no precipitation
data available for the feature and
its basin
Limited/ Historic- There are
inconstant historical or current
precipitation available data for
the feature and its basin
Current- There are both historic
and current precipitation data
available for the feature and its
basin

Water level Data

0 = None
2= Limited/ Historic
4 = Current

None- There are no water level
data available for the feature and
its basin
Limited/ Historic- There are
inconsistent historical or current
water level data available for the
feature and its basin
Current- There are current water
level data available for the feature
and its basin

Potential Storm
Sampling Site

0= No
2= Unknown
4= Yes

No- The feature is not suitable for
storm sampling because it cannot
be accessed during storm events
or no water is present
Unknown- It cannot be
determined if the feature is
suitable for storm sampling
because it is unknown if it cannot
be accessed during storm events
or no water is present
Yes- The feature is suitable for
storm sampling because it can be
accessed during storm events and
water is present
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Site Monitoring
Applicable

0= No
2= Unknown
4= Yes

No- The feature site is not
suitable for monitoring because it
does not consistently have water
present to allow for consistent
monitoring aside from storm
monitoring
Unknown- It cannot be
determined if the feature site is
suitable for monitoring because it
cannot be determined if there is
consistently water present to
allow for consistent monitoring
or storm monitoring
Yes- The feature site is suitable
for monitoring because it does
consistently have water present to
allow for consistent monitoring
along with storm monitoring

Sampling Permit
Required

0= No
2= Unknown
4= Yes

No- A permit is not required in
order to collect water quality
samples and data from this
feature
Unknown- It cannot be
determined if a permit is not
required in order to collect water
quality samples and data from
this feature
Yes- A permit is required in order
to collect water quality samples
and data from this feature and
will need to be obtained before
sampling occurs
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APPENDIX 2: UKARE TOOLBOX RESULTS
Bowling Green, KY Threat Tool Scores
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Bowling Green, KY Vulnerability Tool Scores
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Bowling Green, KY Monitoring Tool Scores
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Tampa Bay Metropolitan Area, FL Threat Tool Scores
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Tampa Bay Metropolitan Area, FL Vulnerability Tool Scores
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Tampa Bay Metropolitan Area, FL Monitoring Tool Scores
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